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ABSTRACT
Semi-solid metal (SSM) processing is gaming momentum as an effective
alternative to the classical manufacturing processes of casting and forging. This
category takes advantages of both liquid and solid forming processes. In the absence of
shear force, semi-solid slug is similar to a solid, self standing, while with the application
of shear force, the viscosity is reduced appreciably and the material flows like a liquid;
Thixotropic-"<i«a/ characteristics where the SSM billet has solid-like characteristics,
outflows like a liquid under shear stress ".
For SSM processing of Al-Si alloys, there are two important microstructural
features which influence the properties of finished products. These are the size and
morphology of the primary a-Al phase and the eutectic mixture which mainly consists
of silicon.
The aim of the current study was to investigate the effects of inoculation and
modification, individually and combined, on the microstructural evolution of Al-7%Si
group of alloys with special emphasis on the 356 alloys in two different processes, i.e.
conventional and rheocasting using the ALCAN patented process, Swirled Enthalpy
Equilibration Device, SEED technology.
One binary and two commercial A17%Si alloys have been used for the entire
research plan. After melt preparation, different master alloys, depending on the
objective, were added to the melt and the prepared alloy was poured and examined in
two different setups to correlate a relation and highlight the differences between the
conventional and SSM processes. Several techniques were used in order to characterize
the obtained material. These techniques include thermal analysis, optical microscopy,
quantitative metallography using image analysis technique, scanning electron
microscopy, electron probe microanalysis, x-ray mapping, and rheological tests with a
parallel plates compression machine.
Based on the SSM processing as a focal point, it is proposed that partitioning of
the solidification range is also essential. Therefore the solidification range could be
divided into two main intervals; the temperature range for the formation and growth of
a-AI dendrites (zYTa) and/or iron intermetallics and the temperature range for the main
Al-Si eutectic and secondary-eutectic reactions including the formation of Mg2Si and/or
iron compounds. The main emphasis in this context is the a-Al solidification range
since it has the paramount importance in the science of SSM processing.
The grain refiner results have shown that generally refiner increases the a-Al
percentage due to the shifting of the cooling curve up and consequently a wider a-Al
solidification range would be obtained. From SSM standpoint, a larger a-Al mushy zone
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provides more flexibility for slurry production and control however side issues such as
the risk of hot tearing, porosity formation, and segregation should be considered.
Quantitative metallography on the samples prepared from billets reveals that by
refining, the a-Al percentage increases and due to the higher number of efficient nuclei
per unit area the globule size decreases. Improvement of sphericity and size reduction of
globules are the main advantages of refiner addition. Limited theological tests proved
that smaller and rounder particles give better slurry ftowability.
It has been shown that small addition of Sr in the range of 150-2QQppm is quite
adequate to change the silicon morphology from flakes to fibrous in both processes. By
modification, a-Al solidification range increases due to the lowering of the main
eutectic reaction temperature and interestingly by considering a constant total
solidification range, eutectic solidification range decreases. In contrast to the SEED
refined samples, by modification, the average globule diameter increases however the
higher sphericity percentage is one of the main advantages of the Sr addition. It has
been proposed that lowering the surface tension by Sr is the main reason for higher
globularity. By decreasing the surface tension, wetability of a-Al particles by the
remaining liquid is improved and this could be intensified by more flow around the a-Al
particles and consequently better shaving causes rounder particles.
Combined treatment shows that a-Al solidification range increases more than
sole treatments. This is due to the shifting of liquidus to the higher values from refiner
side plus the added additional benefit of lowering the main eutectic reaction temperature
due to the modification. In the SEED billets, grain refining efficiency is obvious
through size reduction of globules and more primary particles, while modification effect
could be detected in higher magnification by morphological changing of silicon
particles from lamellar to fibrous. Besides, SSM microstructural investigations show
that refiner efficacy always overshadows the modification outcome by increasing the
number density of primary particles and lowering the average circular diameter.
Limited rheological tests by a parallel plate compression machine with a
constant dead weight have shown that the highest and lowest rates of strain belong to
refined and un-treated billets respectively. By refining, it is proved that billet has lesser
particle size and more globularity and consequently deforms better while Sr lowers the
surface tension of the liquid and as a result shows better deformability. Combined
treatment has the added bonus of smaller particle size, more globularity, and lesser
surface tension.
A new innovative concept is introduced for fluidity measurement by using the
quantity of remaining liquid obtained from drainage step. It was deduced that by refiner
and/or modifier, the percentage of the drainage increased. This is attributed to dendrite
coherency point, DCP, where both stirring and refiner/or modifier postpone DCP and
also the formation of smoother and greater number of channels within the semi-solid
structure due to melt treatment.
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RESUME
Le traitement à l'état semi-solide des métaux (SSM) gagne du terrain en tant
qu'alternative efficace aux procédés traditionnels de fabrication que sont la coulée et le
forgeage. Ce développement tire profit des procédés de mise en forme liquide et solide.
En l'absence d'effort de cisaillement, la masse semi-solide est semblable à un solide,
autoporteur, alors qu'avec l'application d'effort de cisaillement, la viscosité est
sensiblement réduite et le matériau coule comme un liquide; thixotrope-
« caractéristique double où la billette possède des caractéristiques du solide, mais coule
comme un liquide sous l'effort de cisaillement ».
Pour ce qui est du traitement SSM des alliages Al-Si, il existe deux
caractéristiques des microstructures qui influencent les propriétés du produit fini, soit la
taille et la morphologie de la phase a-Al primaire et le mélange eutectique, qui est
constitué principalement de silicium.
L'objectif de la présente étude était d'étudier les effets de l'inoculation et de la
modification, individuellement ou en combinaison, sur l'évolution des microstructures
du groupe d'alliages Al-7%Si en portant une attention particulière aux alliages 356 pour
deux procédés différents, soit le conventionnel et le « rhéomoulage » suivant le
procédure brevetée de l'Alcan, la Swirled Enthalpy Equilibration Device, soit la
technologie SEED.
Un alliage binaire et deux alliages commerciaux A17%Si ont été utilisés tout au
long du plan de recherche. Après la préparation du métal liquide, différents alliages
mère, selon l'objectif, ont été ajoutés au liquide et l'alliage ainsi préparé a été versé et
examiné à l'aide de deux montages différents afin d'obtenir une corrélation et
d'identifier les différences entre les procédés conventionnel et SSM. Plusieurs
techniques ont été utilisées afin de caractériser le matériau obtenu. Ces techniques
incluent l'analyse thermique, la microscopie optique, la métallographie quantitative à
l'aide de la technique d'analyse d'images, la microscopie électronique à balayage,
l'analyse par microsonde, la cartographie par rayons X et les tests rhéoîogiques à l'aide
d'un appareil de compression à plaques parallèles.
En se basant sur le traitement SSM, on propose qu'il soit également essentiel de
procéder à un partitionnement de l'intervalle de solidification. Ainsi, l'intervalle de
solidification pourrait être divisé en deux intervalles principaux, soit l'intervalle de
températures pour la fondation et la croissance des dendrites a-Ai (ATa) et / ou des
composés intermétalîiques du fer, et l'intervalle de températures pour l'eutectique
principal Al-Si et les réactions eutectiques secondaires, incluant la formation de MgiSi
et / ou de composés de fer. Dans ce contexte-ci, 3'accent est placé principalement sur
Vl'intervalle de solidification a-Al puisqu'il est d'importance capitale pour la science du
traitement SSM.
Les résultats d'agents d'affinage du grain ont démontré que, généralement, les
agents d'affinage augmentent le pourcentage a-Al en raison du décalage de la courbe de
refroidissement vers le haut et, par conséquent, on pourrait obtenir un plus grand
intervalle de solidification a-Al. Du point de vue SSM, une plus grande zone pâteuse a-
Al donne une plus grande flexibilité pour la production de la pâte semi solide et son
contrôle. Toutefois des questions secondaires comme les risques de déchirement à
chaud, de formation de porosités et de ségrégation pourraient être considérées. La
métallographie quantitative effectuée sur les échantillons préparés à partir de billettes
démontre que l'affinage conduit à une augmentation du pourcentage a-Al et, en raison
du plus grand nombre de sites de germination efficaces par surface unitaire, la taille des
globules diminue. L'amélioration de la sphéricité et la diminution de la taille des
globules sont les avantages principaux procurés par l'ajout d'agents d'affinage.
Quelques tests rhéologiques ont prouvé que des particules plus petites et plus rondes
mènent à une meilleure coulabilité de la pâte semi solide.
Il a été démontré que l'ajout d'un peu de Sr, entre 150-200 ppm, suffit pour
changer la morphologie du silicium de floconnée à fibreuse dans les deux procédés. Par
modification, l'intervalle de solidification a-Al augmente en raison de la diminution de
la température de la réaction eutectique principale et, ce qui est intéressant, en
considérant un intervalle de solidification constant, l'intervalle de solidification
eutectique diminue. Par contraste avec les échantillons raffinés SEED, par modification,
le diamètre moyen des globules augmente, mais le pourcentage plus élevé de sphéricité
est l'un des avantages principaux de l'ajout de Sr. Il a été suggéré qu'une diminution de
la tension superficielle à l'aide de Sr est la raison principale pour une globularité plus
élevée. En diminuant la tension superficielle, la mouillabilité des particules par le
liquide restant est améliorée, et ceci pourrait être intensifié par un écoulement plus
important autour des particules a-Al, et par conséquent un meilleur façonnage conduit à
des particules plus rondes.
L'augmentation de l'intervalle de solidification a-Al est plus importante avec le
traitement combiné qu'avec les traitements uniques. Ceci est dû au décalage du liquidus
vers des valeurs plus élevées du côté des agents d'affinage, en plus de l'avantage
additionnel qu'est la diminution de la température de réaction eutectique due à la
modification. Dans les billettes SEED, l'efficacité d'affinage des grains est évidente si
l'on considère la diminution de la taille des globules et la formation accrue de particules
primaires, alors que l'effet de la modification pourrait être détecté sous magnification
plus élevée par le changement morphologique des particules de silicium de floconnées à
fibreuses. D'ailleurs, des études microstructurales de SSM montrent que l'efficacité des
agents d'affinage domine toujours le résultat de modification en augmentant la densité
numérique des particules primaires et en diminuant leur diamètre circulaire moyen.
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Des tests rhéologiques à l'aide d'un appareil de compression à plaques parallèles
avec un poids mort constant ont montré que les vitesses de déformation les plus élevées
et les plus basses appartenaient aux billettes affinées et aux billettes non traitées,
respectivement. Il est prouvé que par l'affinage on obtient des billettes ayant de plus
petites particules et une globularité plus importante et qui sont, par conséquent, mieux
déformables, alors que le Sr diminue la tension superficielle du liquide et ainsi donne
une meilleure déformabilité. Le traitement combiné donne les avantages
supplémentaires de particules de plus petites dimensions, plus de globularité et une
moindre tension de surface.
Un nouveau concept innovateur est présenté pour les mesures de fluidité en
utilisant la quantité de liquide obtenue par drainage. Il a été déduit que des agents
d'affinage et / ou des agents modifiants peuvent augmenter le pourcentage
d'écoulement. Ceci est attribué au point de cohésion des dendrites, PCD, où les agents
d'affinage et / ou les agents modifiants retardent le PCD et aussi la formation de canaux
plus lisses et plus nombreux à l'intérieur de la structure semi-solide en raison du métal
liquide.
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1.1 Overview
The recent Canadian roadmap on aluminum [1] identifies specific areas where
research is urgently needed to bring aluminum to its full potential. Solidification and
recycling, fabrication and finished products are particularly detailed. Prediction of
microstructure, stress and strain, understanding of relationships between microstructure and
materials performance, development of new manufacturing processes and forming
techniques such as semi-solid casting are among the most important research avenues
identified.
The aluminum foundry alloys, (Al-Si, Al-Cu, Al-Mg, Al-Zn, Al-Sn, Al-Si-Cu, Al-
Si-Mg), constitute almost 20% of Al-alloys consumption worldwide with transport industry
as its principle advocate. On the other hand, as the need for having readily useable
components grew over the last two decades, casting became more attractive as one of the
most economical near or net-shaped fabrication route amongst the many other metal
forming processes. For aluminum foundry alloys, the most commonly used shaping route is
a variety of casting processes such as sand and die castings. However, there are certain
drawbacks for casting including the formation of defects such as porosity, hot tears, and
segregation. They could be potential crack initiators during service operation [2,3]-
Therefore, there have been considerable efforts to minimize such drawbacks and that have
resulted in introducing more advanced casting routes such as rheocasting or squeeze casting
[4,5]. Parallel to such endeavor, efforts were also concentrated on developing new foundry
alloys compatible with the new casting technologies.
In this context, rheocasting has come to play an increasing role as an alternative
technique to minimize the drawbacks of the as-cast products in comparison to other more
conventional casting routes. However, little investigative work has been carried out on the
origin of resulted microstructure of rheocast products, both for wrought and foundry alloys,
especially when modifiers and grain refiners are incorporated.
Semi-solid metal (SSM) forming is now in its thirty-third year. The original
experiment leading to the invention of SSM was performed in early 1971 as part of a
doctoral thesis [6]. This technology is different from the conventional forming processes
which uses either solid or liquid metals as the starting material. This process deals with
slurries, which in principle, can be produced in any material systems where liquid and solid
phases coexist over a freezing range. The SSM process has advantages over other casting
processes which is associated with less porosity and shrinkage voids, lower processing
temperature and shorter time, less mold erosion, faster cycle time and longer die life
[4,7,8].
Technologies for SSM processing can be generally divided into two basic groups:
a Rheo- routes
• Thixo-routes
The rheo-route involves preparation of SSM slurry from liquid phase and its direct
transfer into a die or mold for component shaping. The term "Siurry-on-Demand", SoD, has
recently been coined in industry to describe slurry making operations that take place in the
cast shops, thus provide a constant supply of slurry for shaping operations.
The thixo-rouie is basically a three step process, involving preparation of a
feedstock material having an equiaxed or globular/non-dendritic structure or indeed having
the potential to transform into equiaxed structure on further processing. The second step is
reheating of the feedstock material to temperatures between solidus and liquidus (mushy
4zone) to generate a semi-solid structure. The final step is shaping of the mush that has
thixotropic characteristics.
Semi-solid metal forming takes advantage of the unique flow behavior of specially
prepared raw material slugs within the liquid-solid temperature range. The obtained
globular structure allows the slug to be handled like a solid but switches to non-Newtonian
fluid upon shearing during the forming step within a die casting or forging machine; "dual
characteristics where the SSM billet has solid-like characteristics, but flows like a liquid
under shear stress ".
One of the most appropriate alloys for SSM processes is aluminum alloys, e.g., Al-
Si alloys. In this category hypoeutectic Al-Si gained a lot of attention due to its superior
formability, better mechanical properties, higher strength to weight ratio, relative lower
melting point, wider solidification range, etc. Generally, a desired structure in SSM
processing is defined as a structure free of dendrites, preferably fully spherical primary
particles, and minimum or no entrapped eutectic. Therefore globule morphology is the
paramount concerned issue being sought while other variables are almost neglected. In the
case of hypoeutectic Al-Si alloys, the primary a-Al particle size and eutectic silicon
morphology are the main parameters that affect mechanical properties of the selected alloy.
Addition of grain refining agents to molten aluminum is now a prerequisite for successful
and economic casting. Grain refinement in conventional casting provides an equiaxed grain
structure, uniform mechanical properties and better macbinability. It also eliminates
shrinkage porosity, increases resistance to hot tearing and improves feeding. On the other
hand, mechanical properties of Al-Si alloys depend not only on the primary particles size
and morphology, but also on the morphology of the eutectic Si particles. Therefore, the
modification of Si morphology is the next important melt treatment during foundry
operations. Sr is the most common modifier used for silicon modification in Al-Si alloys
for a variety of casting methods.
In conventional diecasting, melt treatment, refining and modification, is rather
uncommon. This can be explained by the nature of high cooling rate of the process and
consequently finer microstracture. While for SSM processing, the process is divided into
two different solidification categories, one with lower cooling rate to obtain globules and
making slurries and the second step with faster cooling rates typical of conventional
diecasting. This is the most important reason for using refiner and modifier in the SSM
process.
For semi-solid metal processing, direct incorporation of grain refiners during the
course of slurry processing and preparation has not been studied before. Most of the
previous SSM studies were concentrated on the thixoforming of the pre-grain refined as-
cast billets. As a result, the effect of grain refining was considered mainly during the post
thermal treatment of conventionally cast and grain refined billets. In these methods,
globular SSM slurries were obtained by simply reheating grain refined billets. It is reported
that the optimum flow behavior for semi-solid metal processing is achieved if the raw
material structure consists of very fine and globular grains [9-13]. Therefore, it has been the
main objectives of SSM processing, with specific emphasis on Al-alloys, to obtain globular
structure of primary phase to improve mechanical properties and thixotropic behavior of the
alloy. As a result, there are not much works reported on the characteristics of other micro-
constitutes which usually formed during solidification of Al alloys such as silicon
morphology and implication of modification [14,15].
1.2 Objectives of the thesis
The main objectives of the current research study are to investigate the effects of
grain refiners and modifiers on the microstructural evolution of semi-solid casting of Al-Si
alloys, especially 356 alloying group.
For this purpose and according to the new strategies of the NSERC-ALCAN-UQAC
industrial chair, the research is concentrated on the new ALCAN patented SSM process, the
so called Swirled Enthalpy Equilibration Device, "SEED process" [16], Therefore the steps
of this comprehensive research project were defined as follows:
1. Effect of process parameters on the resulting semi-solid metal structure
Since this process is totally new and different from other SSM processes, the first part of
this research is focused on the effects of different process parameters such as rotation speed
and time, melt superheat, melt drainage time and temperature, and mold temperature. A
series of tests were carried out with one parameter changing at a time to identify the
optimum conditions for which a specific SEED billet microstracture is resulted. The
optimum conditions were then used for the rest of casting trials.
It should be mentioned that due to the confidentiality issues, the first part of the research is
not included in this context and could only be found in industrial reports submitted to
ARDC-ALCAN, Arvida research center [17-20].
2. Effects of grain refiners on the SSM structure
Different grain refiners are examined and the resulting microstructures are characterized for
two alloys (356 alloys with and without Ti). The main points are the chemistry of grain
refiner and its quantity.
3. Effects of Sr-modification on the SSM structure
Sr-modification is examined to achieve the optimum microstructures for two alloys (Al-
7%Si and A356). The main points are the alloy constituents, chemistry, and the quantity of
the modifier.
The effects of inoculation and modification parameters have been investigated on the
optimum condition which achieved in 1.
4. Effects of combined addition of refiner and modifier
As mentioned before, refiner improves the morphology of the primary a-Ai particles and
modifier changes the eutectic silicon flakes morphology to fibrous. By optimizing the
7addition rate of both refiner and modifier, a series of tests have been done to investigate the
effect of simultaneous treatment on the resulting microstructure.
5. Rheological tests to characterize the effect of grain refiners and Sr- modifier
In the first definition of the project, investigation on the mechanical properties of the high
pressure die cast billet was considered however due to the confidentiality issues, this step
was changed to the rheological study which is performed in collaboration with another PhD
candidate, Mr.O.Lashkari. The aim of this work is to differentiate the rheological properties
of untreated and treated alloys.
1.3 Statement of originality
As mentioned earlier, SEED process is a new technology and basically there are few
reports available in the literature on this process. Also as discussed later in the literature
review, there are not much works reported on the direct incorporation of refiners and
modifiers during the processing and preparation of SSM slurries and most of the published
documents are related to thixocasting process. Therefore, the current research work
contains a high degree of originality and references are provided where previous works are
cited.
1.4 Outline of thesis structure
This dissertation discusses different aspects of refiner and modifier additions in the
following order:
• Chapter 1 introduces the semi-solid metal processing and a brief description on the
additions and effects of refiner and modifier
• Chapter 2 surveys the principles of solidification and focuses on the refining and
modification of the aluminum alloys
• Chapter 3 explains different SSM processing and a brief review is given on the
basic concepts of rheology
• Chapter 4 illustrates experimental procedures
8Chapters 5 and 6 provide the results and discussion on different refiner and modifier
added separately
Chapter 7 describes the effect of concurrent optimum addition of both grain refiner
and modifier
Chapter 8 gives some limited rheological tests on the results
Chapter 9 shows complementary results based on the initial works and also some
indirect researches obtained during the course of the main experiments
Chapter 10 describes the conclusions and further suggestions for future studies
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There are many advantages in controlling the grain size and its distribution in the as-
cast products including improved mechanical properties, superior surface finish, uniform
distribution of second phases, better machinability and, so on [21]. This is only possible by
close control of casting conditions to suppress columnar growth and promote the formation
of equiaxed structure during solidification. An optimum condition is defined as where the
presence of numerous potent nucleants is necessary to encourage heterogeneous nucleation
and to provide adequate thermal and solutal conditions for nuclei to survive and form a fine
and uniform network.
Therefore, in this part, for better understanding of the optimized condition, the
principles of solidification including nucleation and growth processes will be discussed
briefly.
2.1 Principles of Solidification
Solidification is governed by nucleaiion and growth of crystals from the melt, where
nucleation controls the size of grains formed and growth determines the grain morphology
and the distribution of alloying elements within the matrix. The driving force for nucleation
is the degree of undercooling created during solidification and growth is controlled by the
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temperature gradient in the liquid. Both are however affected by the rate of heat extraction
from the melt. The rate of heat extraction controls the solidification rate.
Therefore, in order to characterize the solidification structure of cast aluminum
alloys, a thorough understanding of the mechanisms of nucleation and growth is required as
a function of casting conditions such as casting speed, melt superheat, alloy constitution
and rate of heat extraction, as well as the influence of convection on those events.
2.1.1 Nucleation
If a liquid is cooled below its equilibrium melting temperature (Tf), it is expected to
solidify spontaneously. However, this is not always the case. As pointed out by Porter and
Easterling [22], under suitable conditions, it is possible to undercool liquid nickel by as
much as 250K below its melting temperature and yet preserve its liquid state. The reason
for such behavior is the fact that transformation only begins with the formation of
energetically stable minute particles, nuclei, from unstable solid particles known as
embryos. Consequently, a liquid-solid interface is formed and therefore the free energy of
the system changes, and if sufficient undercooling is available, the embryo survives and
will grow to form a nucleus. This large undercooling is not normal in a casting due to the
existence of preferential nucleants such as the mold walls and impurities. In this case,
heterogeneous nucleation starts at much lower undercoolings of ~1K. Unassisted
nucleation, where the formation of nuclei is solely indigenous to the liquid is known as
"homogenous nucleation" while the other case is "heterogeneous nucleation".
2.1.1.1 Homogenous nucleation
If in a given volume of undercooled liquid, some atoms clustered together to form
an embryo of radius r, the free energy of the system is changed. This variation is associated
with the decrease in the free energy resulting from the volume change from liquid to solid
state and also increase in the free energy due to the newly created liquid-solid interface.
For a sphere, the change in free energy is as follows:
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4
lom=-
VsAGv+dSLySL=--; +4m-
2ySL
Where Vs is the volume of solid formed, ASL is the solid-liquid interfacial area,
surface energy associated with the newly formed solid particle.
(2.1)
is the
This is graphically illustrated in Figure 2.1. The creation of a small solid particle is
accompanied by increasing the interfacial term as r2, whereas the volume free energy
released increases as r3. That is why the liquid is able to maintain a metastable state at
temperatures below Tf. This behavior leads to the formation of a maximum value of AG
when the melt is undercooled to a certain value. This is the maximum energy change in the
system due to the formation of a critical sized crystal nucleus, r°. To calculate the value of
r°, the first derivative of the equation 2.1 should be equaled to zero, /J =0 and
therefore:
ro _
AGV
and AG° =
3AGI
(2.2)
If r< r°, the system can lower its free energy by remelting of the solid, while when
r > r° the free energy of the system decreases if the solid grows. Unstable solid particles
with r<r° are referred as embryos while the stable particles are referred as nuclei and r° is
the critical nucleus size [22].
interfacial
energy <rr
Volume
free energy xr3AT
Figure 2.1 : The free energy change in homogenous nucleation of a sphere [22]
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2.1.1.2 Heterogeneous nucleation
When the melt contains pre-existing fragments of crystals or is in contact with a
surface such as mold wall, nucleation is facilitated and the number of atoms per cluster or
the activation energy is decreased. This is known as "heterogeneous nucleation".
While considering a solid embryo in contact with a perfectly flat mold (Figure 2.2),
it can be shown that for a given volume of the solid, the total interfacial energy of the
system is minimized if the embryo has the shape of spherical cap with a wetting angle of 9
given by the following equation, see Figure 2.2:
(2.3)
The free energy change due to the formation of a heterogeneous nucleus is given as:
AGhet = -VsAGy + ASLySL + ASMySM - ASMyML (2.4)
Where Vs is the volume of spherical cap, ASL and ASM are the areas of the solid/liquid and
solid/mold interfaces, and YSL, YSM, and YML are the surface free energies of the
solid/liquid, solid/mold, and mold/liquid interfaces respectively. Equation 2.4 may be re-
written in terms of the wetting angle (8) in the presence of the melt, between a growing
spherical cap and a solid substrate as:
V j () (2.5)
Where: (2 + co.g)Q-<x»g) '
 ( 2 . 6 )
/
Figure 2.2: Schematic representation of spherical cap on a substrate
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Table 2.1 shows the critical parameters for both homogenous and heterogeneous
nucleations. Critical number of atoms (n°) per nucleus in the heterogeneous nucleation is
smaller than that of the homogenous nucleation by the shape factor f(0) while the r° value is
not affected by shape factor, f(0). This table shows that under appropriate solid/liquid
wetting (small 0) condition, a large decrease in n°, and AG°n can occur.
Table 2.1: Critical dimensions and activation energy for different nucleation conditions
(v' is the atomic volume) [23]
r°
n°
AG°
Homogenous nucleation
2rSL
AGy
I - , A . „ )
3v AGy
3AGy
Heterogeneous nucleation
AGy
3v AGy
l67ïr\ m
3AG2y
This is the basis of the current practice in foundries known as inoculation. In this
method, a suitable material is added to the melt which has, for example, a higher melting
point than the alloy. This effect is usually time dependent since the added substance tends
to dissolve in the melt.
It is important to mention that not all the foreign particles in the melt are effective
nueleants for solid formation. Generally at a given undercooling, these particles with the
closest crystallograpMc similarity to that of the solidifying phase will become effective
nucleants in the liquid as described later.
2.1.1.3 Nucleation rate
According to Kurz and Fisher [23], the number of grains nucleated within a given
melt volume and time, the nucleation rate, can be calculated by considering an ideal
mixture of small crystalline clusters and the liquid using the following equation:
N
- • ¥b) (2-7)
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Where Nn and Ni are the numbers of small crystalline clusters having n atoms per cluster
and atoms in liquid respectively, KB is Boltzmann's constant, and AGn is the free enthalpy
change due to the formation of one nucleus containing n atoms. This equation shows that
the number of clusters increases with decreasing the AGn value.
In an undercooled melt, a maximum in AGn as a function of n exists, over which
clusters can escape and form the flux of nuclei, I. As it could be deduced from Table 2.1
( AGV oc AT ), the AG°n varies with — - and hence iVf, the critical number of the cluster,
nuclei, having n atoms is calculated as [23]:
^ ^ (2-8)
Where Ki and K2 are constants. If the critical clusters concentration at equilibrium does not
change, the steady state nucleation rate is given by;
^ ) (2.9)
Where K3 is constant and I is the nucleation rate. As it was pointed out before [23], the
formation of clusters require the transformation of atoms from liquid into the cluster and
therefore an activation energy, AGd ,exists for this transformation which must be added to
the equation 2.9, giving:
A G
'
 +AG
 (2.10)
Kgl
The equation 2.10 shows that the exponential term varies with two factors: AG",
which depends on ,- and AGd which is a diffusion term and hence varies with - —.
F
 TAT2 T
An increase in undercooling, giving more and smaller nuclei whereas a decrease in T
causes iess transformation of atoms from liquid to nuclei due to lack of diffusion. These
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opposing issues lead to a maximum in the nucleation rate between melting point (AT=0)
and the point where there is no longer any thermal activation (T= OK). It is important to
note that the presence of AGd increases the temperature at which the maximum nucleation
rate occurs.
At low values of AT, the term exp( - ) is approximately equal to 0.01 and Io is
KBT
approximately equal to 1041 m'V1 .Therefore, the nucleation rate becomes [23]:
/ = 10 3 9exp( -^ ) (m- 3 s - 1 ) (2.11)
A nucleation rate of one nucleus per cm3 per second (lOSn'V1 ) occurs when the
value of exponential term is about 76. By changing this term by a factor of two, from 50 to
100, the nucleation rate also decreases by a factor of 1022. This example shows that very
slight changes in the solid/liquid interfacial energy can have considerable effect on the
nucleation rate.
With the same nucleation rate (l/cm3s) and with considering the contact angle, it
becomes clear that for example by inoculation, the active surface area of the inoculants
must also be taken into account in the pre-exponential factor (Io) in equation 2.10. Table 2.2
illustrates the variation of undercooling with contact angle. This effect is relatively small in
comparison with that caused by a change in activation energy and usually neglected [23].
However, when fine grained structures are required, a large number of particles with low
interfacial energy should be introduced to the melt. This is best achieved by introducing
particles having the same crystal structure as those of the solidifying phase, e.g. broken
dendrites of Al. Since stirring can break up dendrites and thus may be regarded as a means
to refine the structure. The addition of grain refiner with chemical reaction or precipitation
within the melt having similar crystal structure to that of solidifying phase are quite
effective in refining the cast structure.
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Table 2.2: Absolute and relative undercoolings required
to give one nucleus per second per cm3 as a function of 8 [23]
en
180
90
60
5
0
AT/Tf
0.33
0.23
0.13
0.001
0.0
AT(Tf=1500K)
495
345
195
1
0
2.1.2 Columnar and equiaxed solidification
Grain structure is an important and readily observable feature in aluminum alloy
castings. Depending on the heat flow and alloy chemistry, three distinct grain morphologies
are possible, namely, equiaxed, columnar, and feathery or twin columnar grains. Feathery
crystals are much less common than the other types but they occur at certain alloys with
critical cooling rates [24].
At the mold/metal interface, the cooling rate is at its highest and therefore many
randomly oriented small grains nucleate to form the outer equiaxed zone, i.e., chill zone.
New grains form over the chilled zone rapidly become dendritic and grow along preferred
crystallographic directions. Since these grains have higher growth rate, they become
dominant morphology and finally leading to the formation of columnar zone. Finally, a
coarse grained equiaxed zone forms at the center of the casting mainly as a result of
secondary and tertiary dendrite arms detachment and subsequent flow towards the central
part of the castings [23] (Figure 2.3).
Figure 2.4 shows the temperature fields in the various cast structures. The columnar
grains grow out from the mold walls into the melt, i.e., in direction opposite to the heat
flow. It means that the temperature gradient is positive. In this case, the liberated heat of
fusion is transported through the growing solid. Thus, solute rejection should be considered
for growth rate calculation.
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On the other hand, the equiaxed grains grow in an undercooled melt and the
generated heat during solidification must be extracted through the melt. Thus the equiaxed
grains act as heat sink for each other and hence the direction of heat flow and growth are no
longer unidirectional.
ai «.
« «i
*
m
OiSîANCE — •
Figure 2.3: As-cast Figure 2.4: Solid/liquid interface morphologies and temperature
structure [25] distribution; (a) columnar growth, (b) equiaxed growth (Tj:
liquidus temperature, T\: growth front temperature, Vc: velocity,
ATn: undercooling, Ve: radial gi'owth rate) [21]
From the morphological instability point of view, during columnar growth of a pure
substance, the heat flow, Tq, increases in the Z direction, i.e., G is positive (Figure 2.5a). In
this case, if any perturbation is formed, the temperature gradient in the liquid is higher than
that of the solid (Figure 2.5a, with comparing full and dotted lines along section A-A). As a
result, more heat flows into the tip of the perturbation and less flows out into the solid. As a
result the perturbation melts back and planar interface is stabilized.
However, this is not the case for equiaxed solidification (Figure 2.5b). The equiaxed
grains grow into an undercooled melt (cross-hatched) and the latent heat produced during
growth also flows down the negative temperature gradient in the liquid. Any perturbation
which forms on the sphere makes this gradient steeper (full line comparing to the dotted
line) and permits the tip to reject more heat. As a result, the local growth rate is increased
and the interface is always morphologically unstable.
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Kurz and Fisher [23] stated that the equiaxed crystal morphology in alloys is almost
indistinguishable from that in pure metals, although a difference exists in the scale. This is
because the growth in pure metals is heat flow controlled while the growth in alloys is
solute diffusion controlled.
\
(a) (b)
Figure 2.5: Columnar and equiaxed solidification of a pure substance [23]
2.1.2.1 Constitutional undercooling
Solidification is governed by nucleation and growth of primary phase. In real
applications, growth does not take place with complete mixing of solute elements within
the solid phase resulting in what is called "segregation". Thus the composition of liquid
changes during solidification, and the last liquid has a different composition comparing to
the first solidified liquid. The control of segregation in both micro and macro scales is one
of the most challenging tasks for improving the soundness of the as-cast products including
the mechanical properties.
Solidification in systems with a partition coefficient less than 1 (k<l) is
accompanied by rejecting of solute atoms from the center to outside, layer by layer and this
causes solute build up in the liquid adjacent to the solid (Figure 2.6a). Since mass diffusion
is a slow process, solute atoms will pile up at the interface and consequently further growth
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is retarded because of solute accumulation. According to Kurz and Fisher [23], the solute
concentration in the boundary layer decreases exponentially, from Co/k to Co given by:
j - Co + AC0 exp( (2.12)
Where Q and Co are liquid and initial alloy concentrations, Vz is the rate of interface
movement and D is diffusion coefficient. Consequently, the equivalent boundary layer was
given by:
i . = ^ (2.13)
According to Figure 2.6b, this length is equal to the base length of a triangle having
a height which is equal to the excess solute concentration in the interface, and an area
which is the same as that under the exponential curve. It should be emphasized that the
equation 2.13 reveals that the thickness of the boundary layer is inversely proportional to
the growth rate.
—j
C0/k
\ '» \ l
————— 7
(a) (b)
Figure 2.6: (a) Steady state boundary layer at the planar interface
(with considering two different growth rates, V2>VS);
(b) calculation of the equivalent boundary layer thickness [23]
This concentration difference will affect the local equilibrium solidification
temperature of the liquid, T;, which is related to the composition by:
7 ) (C 0 ) - r /=w(C 0 -C / ) (2.14)
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Where Ti(Co) is the Hquidus temperature corresponding to the initial alloy composition.
Figure 2.7 shows the correlation between concentration and temperature variation in the
boundary layer.
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Figure 2.7: Constitutional undercooling in alloys for a given growth rate [23]
As the liquid concentration decreases with distance, Z, the Hquidus temperature, î\,
of the alloy will increase as indicated by the related phase diagram. It means that the liquid
at the various distances ahead of the solid/liquid interface has different freezing points.
Now, considering the imposed temperature gradient arises from the heat flow in the casting,
Tq, a volume of liquid may exist which is undercooled when the gradient of Tq is less than
the gradient of Tj. This region (shown by cross hatched), was first called constitutional
undercooling by Chalmers [25].
So, for achieving such a constitutional undercooled zone, the temperature gradient,
G, at the interface in the liquid should be lower than the gradient of Hquidus temperature
change in the melt as follows:
G<mGc (2.15)
Where G is interface temperature gradient, Gc is interface concentration gradient in liquid,
and m is Hquidus slope.
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2.1.2.2 Growth restriction factor
The effects of solute elements on reducing the grain size and consequently
increasing mechanical properties of as-cast products goes back to Kissling and Wallace
work in 1963 [26]. Normally, small addition of alloying or solute elements hinders the
growth of grains and provides conditions required for new nuclei and consequently finer
grains to form. The solutes form a zone ahead of the solidification front in which the actual
temperature is lower than the solidification temperature, i.e., constitutional undercooling
[25].
The number of effective nuclei together with alloying elements in the melt is the
most important controlling parameters of growth process. Grain refinement is facilitated if
growth of grain is restricted. The melt undercooling during solidification has four different
components as [23]:
AT = ATC + ATt + ATr + ATk (2.16)
Where ATC, ATt, ATr, ATk are undercoolings due to the concentration, temperature,
curvature, and kinetic differences (K).
Under normal casting conditions, ATC is the dominant term. The early stages of a
grain formation may be assumed to be spherical. Kurz and Fisher [23] have shown that for
a free hemi-spherical dendrite tip of radius r, the solute undercooling, ATC, is given by:
^ (2.17)
Where: CQ= initial alloy concentration (wt %)
Q*= concentration at the solid/liquid interface (wt %)
mi = liquidus slope, dT|/dc, (K/wt%)
Q = Solutal supersaturation (which is approximately equal to Pc; Solutal Peclet
number)
C
P=l-k, where k is equilibrium distribution coefficient (A: = —±-)
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Figure 2.8: Different definitions in an alloying system [reproduced from 27]
This equation is valid for low supersaturations and much smaller than unity.
Similarly, the thermal undercooling can be defined as:
A7)=Qtx (2.18)
Where: íi t = thermal supersaturation
Ahf = latent heat of fusion per unit volume (J/mol)
c = volumetric specific heat (J/m3K)
The growth of an equiaxed alloy dendrite is governed by both undercoolings. Thus,
the growth rate and tip radius in the thermal case must be the same. Therefore, the only
factor varying significantly with different alloy systems is constitutional undercooling,
equation 2.17, which may be estimated to miCo(k-l) when the degree of partioning, (Q*-
Cs*) is approximated to Co(l-k) with consideration of ATC « (jm - I ) ) where Tm and Ti
are the pure alloy melting point and the liquidus temperature at Co respectively. This
parameter is known as Growth Restriction Factor (GRF) [27-29].
Table 2.3 shows some important factors in the calculation of GRF. From Table 2.3,
it can be established that Ti has the largest GRF factor and apparently, the highest growth
restriction effect on the aluminum. In hypoeutectic Al-Si foundry alloys, however, the high
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Si content gives a higher GRF. For example for the alloy of 7%Si and 0.1 %Ti, the GRF for
silicon is 41.3 while that of Ti is 22.
Table 2.3: Data required
Element
Ti
Ta
V
B
Hf
Mo
Zr
Nb
Si
Cr
Ni
Mg
Fe
Cu
Mn
K
7.8-9*
2.5
4
0.08
2.4
2.5
2.5
1.5
0.11
2.0
0.007
0.51
0.02
0.17
0.94
for calculating
mi
30.7-33.3
70
10
-18.2
8
5
4.5
13.3
-6.6
3.5
-3.3
-6.2
-3
-3.4
-1.6
the growth restriction factor, GRF [28,30,311
(k-l)m,
220-245.6
105
30
16.7
11.2
7.5
6.8
6.6
5.9
3.5
3.3
3.0
2.9
2.8
0.1
MaxCo(wt%)
0.15
0.1
0.1
0.022
0.5
0.1
0.11
0.15
12.6
0.4
6
34
1.8
33.2
1.9
System
Peritectic
Peritectic
Peritectic
Eutectic
Peritectic
Peritectic
Peritectic
Peritectic
Eutectic
Peritectic
Eutectic
Eutectic
Eutectic
Eutectic
Eutectic
*depend on the reference
Backerad and Johnsson [30] conducted a number of grain refining experiments in
the Al-Si system and found the results shown in Figure 2.9. In their experiments, the
amount of boron was kept constant and the dissolved silicon and titanium were allowed to
vary. As it could be seen, the grain size decreased to 2-3 %Si after which further addition of
silicon resulted in larger grain size.
; • — - • O.Glwf-.Ti,
; a- -a Q.OSmVtf
10
wtt&Si
Figure 2.9: A grain refinement test in Al-Si alloys at l°Cs4 [30]
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It was suggested that the growth restriction factor in an alloy would be the sum of
GRFs for each alloying elements (assuming that there is no interaction between the solute
phases) [21,30]:
£ u ( C o , , - C 1 ) i * ) (2.19)
This factor is inversely proportional to the growth rate. Figure 2.10 shows the
resulted total GRF plotted against the grain size for all experiments [30],
1000-
250:- ,'
20 40 60 80
Figure 2.10: Average grain size vs. GRF for a number of alloy compositions [30]
Backerud et al. [30] suggested that the role of titanium depends on where the alloy
is in Figure 2.10. On the left side, below the minimum in the curve, adding Ti causes
smaller grains to form while on the right side, Ti addition results in larger grain size. Most
of the alloying systems are located on the right hand side of the curve minimum and
accordingly lower titanium levels should give better results.
As it could be seen in Figure 2.10, the data for hypoeuiectic alloys are mainly
located on the right hand side of the graph, which means the grain size should increase with
increasing GRF value. In other words, the grain size should increase with increasing Ti
concentration in solution. It seems that the correlation between grain size and total GRF
value needs further clarification since the grain size decreases with higher percentages of Ti
in solution.
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2.1.2.3 Columnar to Equiaxed Transition (CET)
The as-cast structure normally has three distinct zones: chill, columnar and equiaxed
zones. Depending on the casting condition, one of these zones may not be present but when
a casting contains columnar and equiaxed grains, transition from columnar to equiaxed is
usually narrow and occurs when the equiaxed grains are sufficient in size and number to
change the columnar front.
An equiaxed zone forms when there are sufficient number of equiaxed grains in the
bulk of liquid and grow rapidly enough to obstruct the columnar front. From a growth point
of view, there is always a competition between equiaxed and columnar zones and the
outcome depends on the degree and extent of the constitutional undercooling and the
velocity of the columnar front. An equiaxed zone is promoted by a shallow temperature
gradient in the bulk and depressed by increasing the superheat or reducing the natural
convection [32].
There have been many experimental works carried out to understand the
interrelationships amongst solidification parameters. Fredriksson and Olsson [33] stated
that the columnar to equiaxed transition occurs when the bulk liquid temperature falls to a
minimum prior to recalescence. They believed that recalescence increases the temperature
difference between the solidification front and bulk liquid and causes greater convection to
promote grain multiplication and acceleration of structural evolution. Hunt [34] analyzed
the growth of equiaxed grains ahead of a columnar front during steady state directional
solidification of binary Al-Cu alloys. In his model, the equiaxed grains are assumed to form
by heterogeneous nucleation and the associated undercooling responsible for columnar and
equiaxed dendrites are ATC and ATn respectively. He stated that if ATn<ATc, then equiaxed
dendrites can grow. The predicted results for A13%Cu are shown in Figure 2.11. As shown,
columnar growth occurs at low velocities and high gradients. The mixed columnar and
equiaxed structures only occur at high gradients (Figure 2.1 la). In Figures 2.1 Ib-d, only the
transition to a fully equiaxed structure is shown. The effect of varying the heterogeneous
nucleation temperature, alloy composition and number of heterogeneous nucleation sites
are shown in Figure 2.1 Ib-d respectively. This model predict a decreasing columnar range
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with increasing parameters such as alloy content, number of nucleant particles
decreasing superheat and critical undercooling for heterogeneous nucleation (ATn).
Casting geometry is also an important issue. Fredriksson and Olsson [33] showed
that the columnar range increases with increasing height or width of the casting and the
width factor is more important than the height. Flood and Hunt [32,34] also showed that
flattening the thermal gradient in the bulk by convection reduces the columnar range by
increasing the bulk undercooling and promoting equiaxed growth.
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Figure 2.11: Plots of growth velocity (V) versus temperature gradient (G) for A13%Cu to
suppress the fully equiaxed growth [34]:
(a) vV,v=lmnv' and ATn=0.75K showing columnar and equiaxed regions,
(b) '3=lmm'3,ATn=0.75K, and (d) ATn=0.75K
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2.2 Grain refinement of Al-Si alloys, a review
Normally, aluminum alloys, form coarse, equiaxed and columnar crystals (grains)
during solidification. The degree of coarseness or the length of columnar crystals depends
on the solidification and casting parameters including pouring temperature, liquid thermal
gradient in the mold, and alloying elements. It should be noted that all the common alloying
elements added to aluminum reduce the grain size somewhat. Generally, the more soluble
are the elements, the greater the refinement.
Close control of the as-cast structure is a major requirement in the production of
premium quality aluminum products. A fine-grained structure provides a number of
technical and economical advantages, including improved mechanical properties, increased
casting speed, reduced cracking and better post solidification deformation characteristics (It
should be pointed out that the properties in alloys which contain a large eutectic fraction,
such as Al-Si alloys, are dependent on both the grain size and eutectic structure).
There are three principal methods for achieving grain refinement in Al alloys [26]:
a) Rapid cooling during solidification (chill grain refinement)
b) Agitation of the melt as for instance during semi-solid metal processing,
c) Addition of a grain refiner to the melt.
In the first method, a fine grain structure is formed by varying the solidification
conditions such as cooling rate and temperature gradient in the casting. This is due to
shortening of grain growth during the solidification process. In the second method, grain
refinement is achieved by mechanical or electromagnetic agitation, forced convection, by
breaking up the dendrites in the semi-solid state. The fragmented parts are transported into
the bulk and become effective nucleants. This is the type of refinement mechanism when
stirring is applied during the formation of the semi-solid structure. By far, the most
successful method to control the grain size is to introduce into the melt particles that
nucleate new crystals during solidification.
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Each grain contains a family of aluminum dendrites originated from the same
nucleus. Dendritic arm spacing (DAS) is determined by the cooling rate through the mushy
zone, with slower cooling resulting in larger values of DAS. The grain size in aluminum
foundry alloys varies between 1-10 mm, DAS values vary from 10 to 150 um and the
eutectic silicon may be found in plates up to 2 mm in length or spheres of less than 1 um in
diameter [24,35,36].
2.2.1 Principles of grain refinement
Generally molten aluminum foundry alloys contain a multitude of foreign particles
and substrates ranging from oxides and other inclusions to the wall of the mold itself. It is
well known that not all these particles in a melt are equally effective nucleants.
The basic requirements which must be fulfilled in order to obtain a good grain
refining in aluminum alloys are as follows [32,36]:
a To promote the formation of crystals on a nucleant, the interface between the nucleant
and the liquid should be of higher energy than that between the nucleant and the crystal
solid (lattice compatibility). One way of maximizing this condition is to provide a
nucleant-crystal relationship that is associated with a good crystallographic fit between
the respective crystal lattices and this could be achieved if at least one atomic plane in
the nucleus be similar to one in the nucleant. Then very close atomic matching can
occur across the interface separating the two as shown in Figure 2.12.
a Minimizing the atomic mismatch will promote a low surface energy (lattice disregistry
less than 10-12%) (Appendix A).
3 Wettability of the nucleants by molten metal. As discussed in section 2.3.1.2. activation
energy barrier ( AG" ) and also critical number of atoms (n°) are highly dependent on
the wetting angle and the smaller value is better. Therefore, a good grain refiner should
have a low contact angle with the molten metal being refined.
a Particles must be stable in the melt and not undergo some other reaction that would
destroy the active substrate.
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a A high enough growth restriction factor (GRF)
a Grain refiners must be effective in small amounts and they should not impart any
deleterious properties to the alloy being refined
a a a a a a
a a a a a
a a a a s a
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Figure 2.12: Two possible relationships between the atomic arrangements on a crystal
plane of an aluminum nucleus D and the atoms of a substrate • . Case (a) is excellent
grain refiner while in case (b) there is very poor nucleation due to a high interfacial
energy between aluminum and the substrate [36]
2.2.2 Grain refining behavior
2.2.2.1 Nucleation without addition of grain refiner
Hypoeutectic Al-Si alloys have a large fraction of primary a-Al particles and the
quality of the casting mainly depends on their size and distribution. In untreated alloy, there
are limited numbers of nucleating particles having poor nucleation potency, need a high
degree of undercooling (~3-4°C) before becoming active.
The first part of a cooling curve for pure aluminum alloy is shown in Figure 2.13a
[24]. This figure clearly shows the melt needs to be undercooled before nucleation of new
a-Al particles can occur. As the temperature decreases, the nucleation rate rises
exponentially. Simultaneously, with temperature decreasing, growth will commence on
each formed nucleus and the evolution of latent heat retards the cooling until a minimum
temperature is reached, thereafter the temperature rises again to its normal growth
temperature, i.e., recalescence. By the time recalescence ends, the nucleation process is
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completed and no more new a-AÎ particles form. From this point on, solidification proceeds
by growth of the primary particles leaving the unused nucleants redundant (Figure 2.13b).
Yen et al. [37] by integration of the first derivative curve and magnifying and measuring
the area above the base line (zero line), the positive segment of the derivative curve,
obtained a correlation between this area and grain size and called it "liquid peak parameter,
LPP". The larger is the area, the greater is the grain size.
time ft)
dT/dt *.
time it)
(a) (b)
Figure 2.13: (a) First part of a cooling curve and related derivation obtained from pure
aluminum melt, (b) coarse-grained macrostracture with no addition of grain refiner [24]
TnucAi: Start of nucleation. It is called the "potency" of the nucleating particles present
in the melt.
TminAi: At this point, the newly nucleated crystals have grown to such an extent that the
latent heat liberated balances the heat extracted from the sample. After this moment the
melt is actually heating up to the steady state growth temperature.
TgAi: Steady state growth temperature of the melt under the cooling conditions
prevailing
2.2.2.2 Addition of grain refiner to a melt
As discussed above, nucleation on particles naturally present in the Al alloys needs
~3-4°C undercooling to become active which also results in a coarse grained structure in
these alloys. If however, particles of high nucleating potency are added, like titanium-
boride particles, a cooling curve such as Figure 2.14a will be resulted [24].
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As seen in Figure 2.14a, nucleation starts above the steady state growth temperature.
This means the new crystals can form, not only at the first contact of the melt with the cold
walls of the mold, but also in the liquid ahead of the growing crystal across the bulk liquid
from the walls to the center of the casting. Also the liquid peak area is less than that in
Figure 2.13a which is an indication of lower grain size.
Grain refinement is now possible, provided that the liquid is constantly undercooled
so that the new equiaxed crystals formed in the liquid can grow at such a rate that they
impinge upon each other and form a continuous dendritic network. It is also important to
note that due to the higher nucleation temperature, nucleation time is much longer than the
previous condition and consequently more nuclei could form in the bulk. This was
obviously the case in the sample shown in Figure 2.14b, to which an A13TÍ3B master alloy
was added. The master alloy contains TÍAI3 and TÍB2 particles, which have effectively
nucleated a great number of primary a-Al particles.
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Figure 2.14: (a) Cooling curve and its derivative from pure aluminum melt to which
titanium boride particles have been added. The nucleation temperature (TnucAi) here is
above the actual growth temperature of the melt. Recalescence shows a low value of
(dT/dt) Max, indicating a grain refined sample, (b) macrostructure of the sample after
addition of titanium boron particles [24].
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2.2.2.3 Addition of effective grain refiner
As shown in Figure 2.14a, the alloy still shows undercooling and since recalescence
has a direct relation with grain size, it indicates for further refinement. Such alloys, still
more effective nucleating particles, as is the case when using master alloys with an excess
of titanium together with the boride particles. Figure 2.15a shows the cooling curve for an
AA1000 type alloy after addition of A15TÍ1B master alloy [24].
As it could be seen, the nucleation temperature starts at higher temperatures
compares to the Figures 2.13 and 2.14. Higher nucleation temperature means that more
nucleants could be activated in the melt at the same time. Also there is no minimum and
recalescence before the growth temperature and liquid peak area disappears. In this case
nucleation occurs widely across the bulk of liquid, i.e. copious nucleation occurred. In
another word, the mean free distance between the nuclei is reduced and the heat flow is no
longer directional and finally equiaxed structure forms.
T A
time it}
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time (t)
Figure 2.15: Cooling curve from the wall of a sample of alloy AAÍ050 after addition of
0.02% Ti in the form of A15TÍ1B [24]
2.2.3 Chilling refinement
If a melt is rapidly cooled (chilled), the rate of heat extraction can greatly exceed the
rate of heat generated by the freezing process (latent heat of solidification). As a result, the
liquid undercools as its temperature falls below the liquidus temperature. If this
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undercooling is sufficient, the full range of heterogeneous nucleants present in the liquid
can become active. This multiple nucleation results in a fine as-cast grain size.
According to Grazleski [36], chilling can result in grain sizes in the 0.1-1000 um
range. The finest size is achieved by rapid cooling which is only possible in very thin
sections by using rapid solidification techniques. While the range of grain sizes achievable
by chilling is greater than with any other grain refinement technique, the method itself is of
only limited applications in practice, since the rate of cooling is determined by the molding
method used. This in turn is usually determined by considerations other than grain size;
such as economics, casting size, number of castings to be produced, etc. Moreover, the
rapid chilling of large castings produced by any method is usually impractical due to the
amount of latent heat which must be removed. At best, some local control of grain size can
be achieved by the insertion of chills in critical locations.
The mechanical properties of the as-cast alloy are improved with decreasing the
dendrite arm spacing, DAS. Figure 2.16 illustrates the DAS values and resulting
mechanical properties reported for 356 alloy [36,38]. A typical result is shown in Figure
2.17 [39]. The strength of the alloy is high near the chill, and the toughness is good. As the
cooling rate is decreased (larger DAS values), the ultimate strength falls some what.
Although this reduction is not disastrous, the fall continues until it reaches the yield stress.
Thus failure is now sudden, without prior plastic deformation. The alloy is now brittle, as is
confirmed by the elongation results which are close to zero [39].
Smaller DAS values are caused by faster solidification rates which are usually
associated with finer as-cast grain sizes, but it was claimed that DAS is more effective than
the grain size on the mechanical properties [36]. A smaller DAS also restricts nucleation
and growth of interdendritic phases such as iron intermetallics. The highly deleterious
effect of iron impurity in aluminum alloys is attributed to the extensive plate-like
morphology of the iron-rich phases. Vorren et al. [40] have measured the length of iron-rich
plates as a function of DAS. As expected, the two are closely related; as DAS reduces the
plates become smaller (Figure 2.18). Also it can be seen that the strength and toughness are
increased. In Al-Si alloys, chilling can cause partial modification of the silicon phase and
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this effect can contribute to the increase in mechanical properties (quench modification
which will be described later) [36].
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Figure 2.16: Variation of the DAS of a 356 alloy with mechanical properties with DAS,
cooling rate and its mechanical properties [38] A17SiO.4Mg alloy [39]
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Figure 2.18: Properties of Al7SiO.4Mg alloy as a function of dendrite arm spacing
[reproduced from 40]
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2.2.4 Chemical grain refinement
As mentioned, in most cases, it is not possible to remove the heat content rapidly.
Medium to large size castings can not be significantly refined by means of chilling, and
therefore other form of grain refinement is essential.
Chemical grain refinement involves the addition of special substrates to act as
nucleants or react with other elements in the melt to form solid nucleant particles. A fine
grain size is promoted by the presence of an enhanced number of nuclei, with solidification
proceeding at very small undercooling. Furthermore, chemical grain refinement is
advantageous to mechanical properties, particularly those that are sensitive to hot tearing
and porosity.
The chemical grain refinement of aluminum and its alloys has been practiced for
over 50 years, mostly by primary aluminum producers in ingot casting. The foundry
industry has more or less borrowed the techniques developed by the primary producers.
However, the researches showed that the best grain refiners for wrought alloys are not
necessarily the best for foundry alloys [41].
2.2.4.1 Titanium grain refinement
As it is seen from Al-Ti phase diagram (Figure 2.19a), the peritectie reaction in this
diagram is critical to the refinement of aluminum alloys. T1AI3 particles will react with the
liquid phase on cooling below 665 °C according to the peritectie reaction:
Liquid + TÍAI3 -> TÍAI3 +a (solid) (2.20)
Consider a TÍAI3 particle in contact with pure aluminum, or a commercial alloy of
low titanium content. Shortly after the addition of a master alloy, a diffusion field wiil be
established in the vicinity of the TÍAI3 crystal. At the surface of TiAl3, the titanium content
in the liquid metal is about 0.15% (the concentration away from the particle in the bulk of
the metal phase is much lower). When the melt is cooled, because titanium raises the
melting point of the metal, and because TÍAI3, is an extremely effective nucleant, solid
aluminum will form at the surface of the T3AÍ3 particle at temperatures above the melting
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point of the bulk metal. Once solid has formed, however, the TÍAI3 particle becomes
engulfed in the solid phase, and further growth becomes limited by the diffusion of Ti from
TÍAI3 through the shell of solid aluminum. Normal dendritic growth can not occur because
the solid metal nucleus is still above the growth temperature of the (low titanium content)
bulk metal (Figure 2.19b) [42].
The a-Al phase is a dilute solid solution of titanium in aluminum. It has a face
centered cubic (FCC) crystal structure, a lattice parameter close to that of pure aluminum
and, therefore, is an ideal heterogeneous nucleant. As a result of this mechanism, the
number of nuclei and hence the final as-cast grain size is related to the microstructure of the
original master alloy.
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Figure 2.19: Grain refinement mechanism due to Ti addition: (a) Al rich end of the Al-Ti
phase diagram [43], (b) steps of a-Al rings formation on unreacted particles of TÍAI3 [24]
St.John and Hogan[44], Arnberg et al. [45-47], Blake and Smith[48], Hadlet et
al.[49], McCartney [21,50], and Guzowski et al.[42] have all reported extensively on
aluminide morphology using optical microscopy, SEM with deep etching and TEM of thin
foils. They have found that TÍAI3 develops a minimum of 3 different morphologies,
depending on the manner and the temperature history of the master alloy (Figure 2.20):
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o Slow cooling from high temperature produces plates or "flakes" with a faceted
dendritic growth form.
a Rapid cooling of a saturated solution from high temperature forms "petal" like
shapes;
ü If the master alloy is produced by salt reactions at a relatively low temperature, the
faceted "blocky" alumindes form.
They found that the grain refining response of the alloy depends on the morphology
of the titanium aluminide. Blocky crystals tend to act fast, but their effect fades quickly.
Petal, and flake, or plate-like structures act more slowly, but their grain refining efficiency
improves with time and lasts longer. The blocky structure is important for aluminum
producers who add grain refiner in rod form. When furnace additions are made the longer-
lasting plate-like structure is preferred.
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Figure 2.20: A: Schematic drawings of the different morphologies of TÍAI3 crystals:
(a) flake-like crystals, (b) petal like crystals, and (c) blocky crystals [42,46].
B: SEM micrographs of deep etched samples showing different morphologies:
(a) flaky aluminide (b) peta! like aluminide (c) blocky aluminide [48-50]
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Technically, an Al-Ti alloy which contains many small TÍAI3 particles will be a
better grain refiner than one which contains fewer but larger TÍAI3 particles. In fact, this is
one of the difficulties associated with the use of master alloys; the effectiveness depends on
the microstructure of the alloy and can vary from batch to batch and from supplier to
supplier. Al-Ti master alloys do not refine foundry alloys as efficiently as wrought alloys.
Sigworth and Guzowski [41] suggested that the effectiveness of the TÍAI3 nuclei may be
poisoned by a silicon titanium compound which will be described later.
2.2.4.2 Boron grain refinement
Many grain refiner manufacturers have introduced a series of Ti-based grain refiners
such as Tital (Ti-Al), TiCAR (Ti, C, Al), TiBOR (Ti-B-Al), while neglecting Al-B alloys,
although the effectiveness of Al-B as a grain refiner understood and reported as early as in
1980 [51]. Lu et al. [51] has reported the effect of different master alloys on the grain size
of small castings made from 356 and Al-5%Si alloys. Their results for 356 alloy, which are
reproduced in Figure 2.21 show that interestingly Al-B master alloy is more efficient grain
refiner than both Al-Ti and Al-Ti-B alloys. As evident, boron addition tripled grain
refinement. Such results were reproduced by Sigworth and Guzowski [41].
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Figure 2.21: The beneficial effect of boron on the grain refinement of 356 alloys
[reproduced from 51]
The reason for such efficient refining ability should be better understood by
examining the Al-B binary diagram (Figure 2.22). As seen, eutectic reaction leads to the
formation of the a-Al plus A1B?, an active nucleant for the aluminum alloys:
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Liquid -> A1B2 +a (solid) (2.21)
The eutectic reaction takes place at temperature just below the equilibrium freezing
temperature of pure aluminum (660.6°C) and the resulted AIB2 particles could act as
effective nucleants especially for Al-Si hypoeuteetic alloys with melting points well below
660°C. It is important to note that this reaction will not be able to nucleate pure aluminum.
In the case of the Al-Si alloys, these nucleants are efficient since the melting point for the
hypoeuteetic Al-Si alloys are much lower than 660°C [52]. Therefore, the most important
factor for boron efficacy is the dissolved Si in the alloy; however in the absence of Si, it is
not a refiner.
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Figure 2.22: The Al rich end of the Al-B phase diagram [43]
Tondel et al. [53] confirmed that boron is the most efficient grain refiner and
introduced an alternative master alloy based on Si-B for the refining of the Al-Si foundry
alloys. Silicon takes about l%B in the solution which means that when silicon dissolves in
the Al melt, B is uniformly dispersed at the same time. Moreover, the grain refining effects
were claimed to be:
a independent of holding time (no fading)
a unaffected by remelting treatments (permanent effect)
• almost independent of cooling rate in the range of 0.5 to 15°Cs"1
• efficient for Al-Si alloys with Si content between 5 and 11 %
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However, the procedure of introducing boron into the alloy is so important, i.e., size
and shape of the boron particles. Some Al-B master alloys have large particles and
sometimes form large agglomeration of AIB2 or ALB 12 particles which could not be
dissolved quickly in the melt (considering the solubility limit) and the other reason is the
impurities in the master alloy.
2.2.4.3 Titanium-boron refinement
Mondolfo et al. [54-56] have suggested that Al-Ti-B master alloys perform better
due to the shift in the onset of peritectic towards lower Ti in the Al-Ti phase diagram in the
presence of boron (0.01%B) and as a result ensuring the thermodynamic stability of TÍAI3
particles at low level of titanium addition (0.05%Ti).
The importance of a combination of boron and titanium in grain refining is well
established with the application of LiMCA (Liquid Metal Cleanliness Analyzer) (Figure
2.23). It is clear from this figure that the highest and lowest particles counts belong to the
addition of A15TÍ1B and AI6T1 master alloys respectively. When A16Ti is present in the
additive, the inclusion content remains almost constant till the nominal Ti level reaches
0.12%wt. An increase in Ti above this value changes the particle count drastically due to
thermodynamically stabilizing of TÍAI3 and causing a linear increase in the count with
increasing Ti content [57]. It is important to note that by addition of boron in the form of
A15TÍ1B or A15TÍ0.6B, the critical titanium level shifts to lower titanium level.
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Figure 2.23: Particle counts vs Ti content for different master alloy [57]
The role of boron in the Al-Ti-B system is less clear. As discussed above, it has
been suggested that boron acts to shift the onset of peritectic reaction to the lower titanium
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level. Mohanty and co-workers [52,58], by introducing T1B2 particles into 99.7%A1 melts
with a gas injection technique, found that TÍB2 particles on their own, do not nucleate a-Al
and they proposed that in the absence of excess Ti, TÍB2 particles are pushed to the grain
boundaries and are not found in the grain centers where nuclei would be expected. They
suggested that TÍB2 particles only activate grain refining if there is Ti dissolved in the melt
and that as little as 0.01%Ti is required for the TÍB2 particles to become potent nucleation
sites. They have stated a hypothesis where at lower Ti levels than peritectic, Ti atoms
diffuse towards the TÍB2 particles, and form a thin layer of T1AI3 on the surface and this
layer activates the nucleation mechanism.
Sigworth [59] disagreed with the above mentioned theory and remarked that the
mechanism was thermodynamically impossible. Sigworth postulated that in pure
aluminum, TÍB2 particles are not effective nucleants while Karantzalis [60] showed that
TÍB2 particles are potent nucleants in Al-Cu, Al-Si and Al-Ti alloys. The enhanced grain
refining action in Al-Si, Al-Cu, and Al-Ti alloy melts with TÍB2 particles was claimed to be
a result of constitutional undercooling and GRF factor which enable the borides to become
active nuclei. Since GRF is high in the Al-Ti system, small addition of Ti causes
observation of TÍAI3 on the TÍB2 particle surfaces due to higher GRF and lower cooling of
the casting.
As mentioned for the Al-Ti master alloys, the grain refining ability of AlTiB seems
to depend on the microstructure of the master alloy as well, i.e., size, distribution, and
morphology of the intermetallic phases [42,61,621. Figure 2.24 shows the TiB? distribution
in desirable and undesirable A15TUB refiners. Figure 2.25 illustrates some typical
morphologies found in different AS-Ti-B grain refiners. Poor grain refiners contain blocky
TiAJ3 crystals (Figure 2.25a), similar to those found in binary Al-Ti master alloys and as a
result, boron in the master alloy has not influenced the effectiveness of TÍAI3.
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The samples which have the ability to give a very fine grain size at short holding
times contain a variety of different aluminide structures. In this case the TÍAI3 surface was
covered with boride particles presumably TiBa or (Ti,Al)B2.
Class 1 : good refiner
x 1000
Class 2: bad refiner
x 1000
Figure 2.24: TiB2 distribution in Classl and Class2 A15TÜB rod [62]
(a)" "•"" (b)
Figure 2.25; Morphologies of some intermetallic phases found in AlTiB grain refiners
(a) blocky TÍAI3 crystals found in a poor master alloy,
(b) duplex aluminide consisting of TÍAI3 studded with borides [42]
It is clear that borides found on the surface of TÍAI3 crystals would be in an
especially favorable situation to nucleate new grains of aluminum. At the surface of TÍAÍ3,
the titanium content in the liquid should be near the peritectic solubility of 0.15 %. The
boride-coated duplex particle should therefore be an extremely potent nucleant (combining
the nucleating potential of (Al,Ti)B2 at high dissolved Ti contents , and the ability of TÍAÍ3
to nucleate grains at a temperature 5° above the alloy liquidus). The refiners containing
duplex particles are fast-acting and long-lasting. The T1AI3 portion of the duplex particles
would dissolve with time, thereby increasing the dissolved titanium content in the melt and
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freeing boride crystals to become effective nuclei. The desired condition for the formation
of the duplex particles in the master alloy, together with the AITÍ3 morphology, are
dependent on the holding time of the liquid before casting (Figure 2.26) [42].
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Figure 2.26: The effect of holding time on grain refining response
(A15TÍ0.2B alloy added to 99.7% Al with 0.01% Ti addition level):
(a) alloy at the end of the salt reaction, (b) alloy held 60 Min at 825 °C [42]
Although high boron containing grain refiners appear to offer many advantages,
they have a number of drawbacks as given below [41,63]:
a The AIB2 particle is designed to dissolve and react with Ti to form TiBa (density of
4.5 g/cm3), which settles to the bottom of the furnace and agglomerates. The long
term use of B will cause boride sludge deposits to accumulate in the furnace. If very
large agglomerates are allowed to form, these will be brought back into suspension
and can cause filter blockage or inclusion problems in the casting.
In some experiments, fading was investigated with various types of grain refiners
and concluded that agitating the melt after holding period can activate the
intermetallics and their count revert back to a value close to the original levels even
after 6 hours especially for AlTiB master alloy. The particles settle on holding but
was redispersed on subsequent agitation [57,64,65].
u The poisoning effect of the refiner is a more serious (though less common) problem
since it can occur very quickly and can not generally be reversed. Chemical poisons
(most notably Zr) are believed to work by substituting Ti in the TÍAI3 or TiB2
45
structure, thus forming (Zr,Ti)Al3 or (Zr,Ti)B2. These have less favorable lattice
registries with aluminum and thus the nucleation potential is reduced.
Third, when the Sr content of the alloy is low (<0.010%) and when large B
additions were made (0.02% or more), a partial or complete loss of refining and
modification was observed. This may be caused by an interaction between Sr and B
to form stable boride particles,
Many experiments have been carried out to identify the best ratio of Ti:B in AlTiB
master alloys and till now there is still confusion regarding the type and addition level of
master alloy that is most suitable for grain refinement of hypoeutectic Al-Si alloys.
For refinement assessment, performed on A356 and A1-7SÍ alloys grain refined with
A15T11B and cast into a KB hockey puck mold, Apelian et al. [66] defined 500um as a very
fine grain size and 2Q0-300um as an extremely fine grain size (the influence of cooling rate
makes it difficult to compare grain size obtained by different workers even for the same
refiner addition level). Sigworth & Guzowski [41] concluded that the optimum results can
be obtained for a ratio of unity (3TÍ-3B) which is more effective than A15TÍ1B for alloy
356.
Boot et al. [67], in their experiments to identify the best grain refiner for wheel
casting, found that Strobloy (5Srl.5Til.3B) or TiB Alloy (1.6TÜ.4B) produced casting
with minimum internal porosity and hot tearing defect. Bondhus et al. [68] with
experiments on Al-Si hypoeutectic alloys have shown that TiBloy has many advantages
compared to conventional grain refiners. Spittle & Keeble [64] examined a number of grain
refiners and concluded that with increasing Ti:B ratio , the tendency to fade decreased and
the grain sizes fell. Gruzleski [43] suggested that Ti/B ratio must be greater than 2.22. A
Ti/B ratio exceeding 2.22 implies that the melt must contain free titanium for grain
refinement to be effective.
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2.2.5 Fading effect
Since only a small amount of titanium is added, it is obvious that the grain refiner
particles will dissolve, and the grain refining ability will decrease with time. On the other
hand, in foundries due to the furnace and production specifications, melt is often held for
long periods of time without any agitation and this also leads to settling of the grain refiner
particles. This phenomenon is known as fading. Hence, fading mostly relates to both
dissolution and sedimentation of the nucleants due to the density dissimilarities. For
example, densities of TÍAI3 and TÍB2 particles are 3.35 and 4.5 g/cm3 respectively while for
aluminum melt, it is 2.3 g/cm3.
Figure 2.27a shows the chemical composition variation of Ti in the case of a 20-
120min contact time [65]. The highest concentration of Ti is found at the bottom of the
samples and at the longest contact time, e.g. 120min. The grain size analysis is displayed in
Figure 2.27b. The average grain size increases with longer contact time and greater distance
from the bottom of the samples. It is worth mentioning that by stirring the melt, grain
refiner particles become active again.
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Figure 2.27: (a) Ti variations of 356 alloy grain refined with 2% A13TÍ0.5B,
(b) average grain size analysis [65]
Figure 2.28 shows the fading phenomenon in pure aluminum. Curve a, which shows
the behavior of a binary Al-Ti master alloy addition, indicates that after holding for about
40 minutes, the grain size reverts to that of an untreated alloy. This figure also indicated
that, if both Ti and B are used (curves b & c), not only the grain size is finer, but also the
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fading time is significantly prolonged. This is particularly important in large furnaces
which have relatively low rates of throughput.
Settling and thus fading are also dependant on the agglomeration of grain refining
particles. For Ti & B containing grain refiner, agglomeration of T1B2 particles is partly
responsible for the fading effect. T1B2 particle agglomerates are thought to be caused by a
number of factors, including the presence of halides (e.g. chlorides), particle collision,
attachment to oxide films, and surface adhesion by the aluminides and growth in filters
[69]. Fading phenomenon was reported to be eliminated in the case of grain refining with
boron due to AIB2 particles [53] because of better distribution in the master alloy and lower
density, 2.5-3.1 g/cm3, compared to other grain refiners.
Figure 2.28: Grain refining ability in 99.7 %A1 with time [42]:
(a) 0.01%Ti added as a 5.35% Ti master alloy, (b) 0.01%Ti added as a 5.4%Ti-
0.034%B master alloy, (c) 0.01%Ti added as a 5.0% Ti-0.2%B master alloy
2.2.6 Effects of alloying elements on grain refinement
The chemistry of melt plays an important role in grain refining. Normally small
additions of alloying or solute elements reduce the grain size. These are classified as
"growth restricting elements" or growth hindering additions. This phenomenon could be
explained in terms of constitutional undercooling which is a solute rich zone ahead of the
growing solid in which the actual temperature is lower than the solidification temperature.
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Kissling and Wallace [26] were the first to present the effect of alloying elements on
the grain size of pure aluminum. They have shown that the most important alloying element
for this purpose is Ti (Figure 2.29). Apelian [70] and Kori et al. [71] confirmed the effect of
alloying elements on Al-7%Si alloy. As shown in Figure 2.30b, the growth restriction effect
of alloying elements decreases with holding time and fades approximately after 10 minutes
due to dissolution in matrix. However, the grain size with alloying elements is always lower
than the original alloy.
Figure 2.29: Effect of alloying elements on the grain size of aluminum [26]
Silicon has a remarkable effect on the effectiveness of Ti rich master alloys. It
appears that the higher Si content found in foundry alloys somehow interferes with the
grain refining effect of titanium and promotes that of boron (especially for %Ti/B ratios
greater than three). By considering the Si-Ti phase diagram (Figure 2.31), it is possible that
a titanium suicide (TÍSÍ2) coating forms on the surface of TiAl3 crystals and thus poisoning
the effectiveness of the nucleant [41]. In the ternary AlTiSi system, a peritectic reaction
was proposed to exist with a complex stoichiometry of TixSiyAli-(x+Y) [72].
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Figure 2.30: Grain size analysis of A17Si alloy: (a) with different addition levels [70],
(b) grain refined with 0.1% of B, Cr, Fe, Mg, Ni, Ti and Zr [71]
This AlTiSi phase has been found in the center of ÜAI grains and it is believed that
for silicon contents of 6%, this reaction occurs at approximately 600°C just below the
liquidus of 356 alloy. The grain size initially decreases with Si content up to 2-3%Si and
thereafter continuously increases up to 8-9 % [64].
Ti V-.ijz\:l tVrt.-.Ti! i-iUt-cn; .-?.
Figure 2.3 3 : Phase diagram of the Si-Ti system [41 ]
By considering the soiubility of Ti in aluminum, fading is virtually eliminated by
adding Ti close to 0.15% (Figure 2.32). industrial practice suggested that 0.1 %Ti is
required in foundry alloys to ensure good performance from master alloys. However,
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excess addition can cause reduction of mechanical properties due to the formation of
intermetallics [21,61-63,67].
3000.
a m
% Tl ASSIS
Figure 2.32: Grain refining response of an A15TÜB rod in a melt of secondary 319 alloy
containing 0.15%Ti; (a) grain size five minutes after Ti addition; (b) grain size with
holding after 0.06 % Ti addition (total %Ti in the alloy is 0.21 %) [41]
Figure 2.33 clearly shows the effect of alloying elements on the grain size reduction
in aluminum alloys. As could be seen, Mg and Ti appear to promote a fine grained casting
and this is in line with the GRF concept.
(a) (b)
Figure 2.33: Grain refining response of an A15TÜB master alloy rod in a melt of high
purity A17%Si alloy (a) and in a virgin 356 alloy (b) [41]
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Sigworth et al. [41] concluded that silicon has a remarkable effect on the efficiency
of Al-B (AIB2 type) and B-rich Al-Ti-B master alloys. Boron does not refine the grains in
wrought (low Si) Al-alloys, but is a powerful grain refiner when 5-7% Si is present. The
presence of other elements in the Al-Si casting alloys (Cu, Zn, Fe, Mn, Ti, and Sr) seems to
have little effect on the grain refining performance of the AIB2, and (Al,Ti)B2 crystals.
Cooper et al. [61] summarized the characteristics of a range of grain refining master
alloys, Table 2.4. This has enabled a better understanding of the nucleation of a-Al,
agglomeration behavior, poisoning tendency and fading characteristics.
Table 2.4: Some characteristics of grain refiners [61]
Particle
TiB2
TÍAI3
A1B2
(Al,Ti)B2
Density
(gr/cm3)
4.52
3.35
2.55
2.55<X
<4.52
Stability
Tm=2952°C
high stability
Dissolve rapidly
depends on the Ti in
solution
Tendency to form
TiB2 if Ti exists in
solution
Tendency to form
T1B2 if Ti exists in
solution
Fading
Significant after several
hours due to agglomeration
Not applicable as phase
dissolve in the melt quickly
Only if Ti exists, it would
be rapid and it changes to
TiB2
Low fade due to small
particle size and low
density
Master alloy
A15TÍ1B
A13TÜB
A15TÍ1B
ABTi lB
AlXTi
A14B
TiBloy
2.2.7 Effects of grain refining on properties
Grain refining has been associated with the formation of casting defects. It is
generally believed that an increase in the level of grain refinement is beneficial for
castability. The advantages of effective grain refinement are [21,36]:
• Improvement in soundness
Reduced hot tearing tendency
. Distribution of second phases and microporosity on a fine scale
Improved machinability as a result of better phases distribution
Reduction in solution treatment time
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• Improved appearance following chemical, electrochemical, and mechanical finishing
• Improved mechanical properties (and even uniform properties)
Only very limited data is available for the above mentioned properties for Al-Si
alloys. The majority of research activities appear to have been concentrated on Al-4%Cu
and it would be applicable to 200 series alloys. The Al-4%Cu alloys are largely single
phase materials containing a minimum of eutectic. Although the results may be useful for
200 series alloys, but not to Al-Si alloys as they are quite different to Al-4%Cu due to high
eutectic content.
» Hot tearing tendency
Under normal solidification conditions, aluminum alloys without grain refiners
exhibit coarse structures. The coarse columnar grain structure is less resistant to cracking
during solidification and post solidification cooling than a well-refined grain structure of
the same alloy. This is because of reduced resistance to tensile forces at elevated
temperatures which may be expected as a result of increased sensitivity to grain-boundary
formation in coarse-grained structures.
The principal reason in which reducing grain size increases resistance to hot tearing
is the lowering of the dendrite coherency point (DCP) [73,78]. However, in Al-Si alloys the
combination of a large volume fraction of eutectic liquid and a relatively low coherency
temperature means that foundry alloys with a Si content greater than about 5% exhibit a
low cracking tendency compared to the Al-4.5Cu alloy. In Figure 2.34, the susceptibility to
cracking is indicated by a hot tearing index of less than 50. This occurs in an Al-4.5Cu
alloy with a grain size of approximately 350 urn to a grain size of approximately 1300 urn
in an Al-4.5Cu-5Si alloy [32].
In the case of A356 wheel cast part. Boot et al. [67] concluded that the degree of hot
cracking observed at the junction of casting decreased with grain refiner addition.
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Figure 2.34: Effect of grain size on the hot tearing tendency of A14.5Cu
(a) and A14.5Cu5Si (b) alloys with various additives [32]
» Porosity Distribution
As discussed, grain refinement delays the onset of coherency during solidification
and allows easier mass feeding into shrinkage areas. In Al-Si alloys, the most direct and
quantifiable impact of a reduction in grain size (and the accompanying increase in grain-
boundary area) is a more uniform distribution of gas porosity and eutectic colonies. For the
same hydrogen content, there is a measurable reduction in the volume of gas porosity in a
grain-refined casting compared to a non refined casting. The reduced volume fraction of
gas porosity is also reported to improve resistance to fatigue crack growth [32].
a Intermetallic distribution
A fine grain structure also minimizes the detrimental effects on the castability and
properties associated with the intermetallics. Large, insoluble intermetallic particles that are
present or form in the temperature range between liquidus and solidus lower the feeding
distance. A finer grain size promotes the formation of finer and more evenly distributed
intermetallic particles with corresponding improvements in feeding characteristics [32].
» Surface appearance
Large grains frequently emphasize different reflectance based on random crystal
orientation, resulting in an orange peel or spangled appearance following chemical
finishing, anodizing, or machining [32].
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» Fluidity
Fluidity has been investigated by many researchers and is known to be affected by
many factors such as superheat, mold temperature, solidification range, surface tension,
melt treatment, etc. [2]. Mollard et al. [74] reported a reduction in fluidity of A14.5%Cu
alloy with 0.15%Ti addition using a vacuum fluidity test apparatus. The reason was
associated to early nucleation caused by grain refinement resulted in slurry flow. Aslem et.
al. [75] by fork shaped castings, have shown that under equal conditions, addition of
A15%Til%B and A110%Sr enhances better mold filling. Figure 2.35 schematically
illustrates their assumption on how the additions affect the filling behavior.
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Figure 2.35: Model of the melt fluidity of A17Si [75]
Dahle and Kwon [76,77] confirmed the above results. As mentioned by Chai et al.
[78], increasing grain refinement and modifiers postpone dendrite coherency point. Thus a
Jate coherency point is an indication of smaller interconnections between a-Al particles and
improved flow comparing to non-refined alloy.
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» Mechanical properties
Properties such as tensile strength and elongation are usually improved by grain
refinement. In Al-Si alloys, this is mainly due to improvements in porosity distribution
rather than to any decrease in grain size. The properties of Al-Si alloys are controlled by the
eutectic and any influence of grain size is secondary [36]. Prasada et al. [79] investigated
the wear behavior of Al and A17%Si. Their results showed that the wear rate decreases with
grain size and DAS reduction. It was shown that grain refinement improves the load
bearing capacity of the alloy.
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2.3 Modification of Al-Si alloys, a review
The modification of cast Al-Si alloys was discovered by accident 86 years ago
by introducing sodium fluoride to a flux and was subsequently developed to trace additions
of sodium at levels around 0.01 wt% [81]. Since that time, the metallurgical literature has
been abounded with contributions concerned with practical control of the process, with the
use of alternative additions and, throughout, with attempts to explain the mechanisms
involved.
To some extent, it was the knowledge of modification in this system that prompted
the search for similar effects in cast irons, leading to the development of nodular ductile
iron. Since the original discovery of modification, there have been many developments in
its science and technology, although most of these have occurred since 1970.
23.1 Modification mechanism
In unmodified Al-Si alloys, the primary nonfaceted aluminum phase in hypoeutectic
alloys is dendritic. The minor silicon phase forms as faceted flakes, either as the primary
phase or as the finer eutectic constituent. The morphologies of silicon in the untreated
alloys can be described in terms of facets on the close-packed {111} faces of the diamond
cubic structure, generally combined with a few twins on the same planes.
A very important feature of silicon crystallization is that twins are easily formed.
These crystallographic defects occur when large groups of atoms uniformly shift position
across a plane in the crystal structure, known as a TPRE "Twin Plane Re-entrant Edge"
(Figure 2.36).
Figure 2.36a shows a Si particle containing a single twin plane bound by {113}
planes in the early stage of growth. The twin plane creates a 141° re-entrant angle and a
219° ridge at the edge of the particle. The energy required for the deposition of a new
atomic layer at the re-entrant corner is approximately half of that required to deposit a new
iayer on an aiomically smooth interface. Consequently, the re-entrant corner, 141°, is a
favorable site for atomic additions, compared to the 219° ridge or the smooth <111>
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interface. The particle in Figure 2.36a will continue to grow in this manner until it is bound
by the {111} ridge at the growth front, when the growth rate will decrease because further
growth can only occur by layer deposition on {111} planes. The existence of two parallel
twin planes is the minimum requirement to ensure the continued presence of a re-entrant
corner in the growth direction (Figure 2.36b,c). Each new atomic layer initiated at the 141°
re-entrant comer (type I) results in the growth of a layer that covers the two adjacent {111}
planes as shown in Figure 2.36c. When these layers reach a twin plane at a 219° ridge, a
109.5° re-entrant corner (type II) is created. This is an equally attractive site for atomic
additions and growth from these corners preserves the original re-entrant system and
permits continuous, unlimited propagation in the direction of the original 141° re-entrant
grooves. Thus the TPRE system allows growth to proceed preferentially in any or all of the
six <211> directions depending on the heat flow direction [82].
(a) (b) (c)
Figure 2.36: (a) A crystal of Si with one twin plane bound by {111} faces, (b) a crystal
containing two twin planes, (c) re-entrant sizes I and II on the crystal [24,82]
Studies by transmission electron microscopy have revealed that modified silicon
fibers contain orders of magnitude more twins than do the unmodified silicon plates (Figure
2.37). The surface of the fibers is micro faceted and rough as a consequence of the
intersection of great number of twin planes with it. Silicon fibers are crystallographically
imperfect, and each surface imperfection is a potential site for branching to occur should it
be required by the solidification conditions. As a result, fibers in the chemically modified
eutectic are able to bend, curve and split to create a fine microstructure; the plates of the
unmodified structure are inhibited by their relative crystal iographic perfection and form in a
coarse acicular fashion.
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(A) (B)
Figure 2.37: A- Microstracture of Si flakes in unmodified Al-Si eutectic alloy:
(a) optical microscopy shows an irregular growth front, (b) SEM , deep-etched
removing metal matrix,(c)TEM, shows a few {111} twins and growth orientation -
B- microstructure of Si fibers in sodium modified Al-Si eutectic alloy:
(a) optical microscopy shows a near planar growth front, (b) SEM , deep-etched
removing metal matrix, (c) TEM, showing a high density of multiple twinning and
growth orientation [83]
In addition to the TPRE mechanism, Shu-Zu and Hellawell [83,84], Hogan and
Shamsuzzoha [85,86] have proposed a theory- for the development of the fibrous silicon
structure, the so called "Impurity Induced Twinning" here after referred to as the IIT growth
mechanism. They suggested that the atoms of the modifying element is adsorbed on and
thereby disturb the growth step of the silicon crystals. This causes frequent twinning to
occur, as depicted in Figures 2.38; the frequent twinning leads to the seaweed-like structure
of silicon crystals actually observed. They further stated that the modifying element must
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have an affinity to silicon and preferably form chemical compounds with this element. This
will facilitate adsorption on the surface of silicon crystals growing in aluminum melt.
A certain size ratio of the ad-atoms to the silicon atoms of 1.6457 has been proposed
as an optimum to induce a high degree of twinning [84]. Sodium comes close to this ratio,
but strontium also fulfills this criterion reasonably well (Figure 2.39). It can be seen that an
impurity atom of appropriate size would force a monolayer step to miss one regular close
packed position and so fall into the next alternative stacking sequence, thereby creating a
twin. The role of elements known to promote modification of silicon crystals (other than
sodium), like calcium, strontium, and cerium, may be of a similar nature as that of sodium,
i.e. removing the compound AlP and poisoning the TPRE step of growth, thereby lowering
nucleation as well as growth temperature of the silicon crystals. Of these elements, Sr
attracts special interest and it has become quite popular as a modifying agent [24,36,82-87].
GHOWTH DtseOÏ fOH
- STEP MOTION
—— {2111
Figure 2.38: Model for adsorption of impurity atoms on growth steps of a silicon crystal
resulting in twining to occur (twin configuration shaded) [84,87]
60
STEP MOTION
= 70.S3°
TWIN BOUNDARY
Figure 2.39: {011} plane projection of diamond cubic lattice to show how an impurity
atom of a certain size could promote twinning by causing a growth step to assume the
alternative {111} stacking sequence (model for "Impurity Induced Twinning") [84,87]
2.3.2 Chilling modification
A modified eutectic structure can be obtained in the absence of chemical modifiers
by growth rates greater than > Imms" [84]. Fibers are quite smooth on external surfaces
and TEM study has shown that the silicon fibers have smooth external surfaces and that
many are twin free (Figure 2.40) [84]. These features are consistent with isotropic fibrous
growth at an atomically rough interface, as shown in Figure (2.41). The transition in shape
would seem to correspond to a gradual change from somewhat anisotropic growth of flakes
to entirely isotropic growth by an intrinsic mechanism at higher undercooling. The
quenched fibers are much finer than the slowly grown flakes and are also finer than the
impurity modified fibers form at relatively low growth rates.
Figure 2.40: Quench modified silicon fiber with smooth surface and rare example of
twinning, TEM images: (a) light field and (b) dark field [84,87]
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It is worth mentioning that chemical modifiers are more effective at higher freezing
rates. This is fundamentally different from quench modification. In the presence of a
chemical modifier, both the twinning frequency and the angle of branching increase with
freezing rate. Both of these promote modification and lead to finer structures [36,84,88].
b. » • MOOJFJED o. QOetíCH MODIFIED
», NORMAL STRUCTURE STRUCTURE ST8WCTHRE
(Ai>2LSia«, B = 70.B3")
Figure 2.41: Schematic of the eutectic silicon growth interface: (a) unmodified flake
silicon. Widely spaced {111} twins probably make the propagation of intrinsic steps
across <111> interfaces the significant growth mechanism, (b) Impurity-modified
fibrous silicon. Finely spaced {111} twins mean that TPRE is the major step source
during silicon growth. If twinning occurs equally on four {111} systems, a <100> fiber
growth direction results, (c) Quench-modified fibrous silicon. An atomically rough,
twin-free eutectic silicon interface at which atomic additions are made randomly.
Branching occurs readily by overgrowth [88]
2.3.3 Chemical modification
The addition of certain elements, such as calcium, sodium, strontium, and antimony,
to hypoeutectic Al-Si alloys results in a finer lamellar or fibrous eutectic network. While a
number of IA and IIA elements and several lanthanides produce a modified silicon eutectic,
only Sr, Na, and Sb have found extensive commercial application during the last 3 decades.
The amount of each element required depends on the alloy composition, impurities in the
melt, and freezing rate.
As mentioned before, Lu and Hellaweli [83,84] have demonstrated that substantial
incorporation of foreign atoms of certain size into the silicon lattice enhances the formation
of twins. A study on this ratio for elements that are known to modify to some extent,
indicates thai they all have a radius ratio in the vicinity of the ideal value; some are
presented in Table 2.5. It is noticeable that the size of sodium atoms is closer to the ideal
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value than strontium. In fact most of these elements that are either alkaline or rare earths
elements have been reported to modify the alloy to some extent.
Element
Ba
Sr
Eu
Ca
Yb
La
Na
Ce
Table
Atomic
radius
(A°)
2.18
2.16
2.02
1.97
1.93
1.87
1.86
1.83
2.5: Some properties of possible modifiers [89]
r/rsi
1.85
1.84
1.72
1.68
1.65
1.59
1.58
1.56
Melting
point
725
769
822
839
824
926
98
798
Vapor
pressure
(atm)
5*10"5
1*1Q"J
LS^IO"4
2.6*10"4
5.6*10~J
10"6
0.2
10"16
-AG oxide
(kJmol"1)
482
480
500
509
500
487
367
497
"-oxidation
20
15
-
400
1500
-
2.7* 10"5
-
Some other factors that are significant in determining the ability of any element to
modify the silicon are listed in this table. The melting point is important because elements
that melt at lower temperatures will presumably dissolve more readily in Al-Si melts that
are typically held at higher temperatures. Thus, sodium dissolves easily but strontium has
some difficulty and other elements on the list are even more difficult to dissolve.
The vapor pressure is of significance since elements with high vapor pressure tend
to boil off the melt. The well known fading effect of Na is due to its high vapor pressure
while Sr and all of the remaining elements in this table are much more stable in the melt. In
addition to vaporization, effective modifiers may be lost through oxidation. The
values in Table 2.5 are the equilibrium constants for the following reaction:
X A12O3 + Y Modifier -» 2x Al + 3 ModifierxOY (2.37)
Large values of this parameter are indicative of a high tendency to oxidation.
Therefore while sodium vaporizes, it does not oxidize. Strontium, on the other hand is lost
by slow oxidation and the oxidation of Ca and Yb is very severe [89].
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2.3.3.1 Modifier addition
As discussed, several elements have been found to produce the modified structure.
Some produce fibrous structure such as Na and Sr while the others produce a finer version
of the coarse acicular structure (antimony , arsenic or selenium).There are several different
elements which are capable of changing the morphology or size of eutectic silicon but only
Na , Sr, and Sb have found significant industrial application. The chemical and physical
properties of these agents are very different so they are added to the melt in quite different
manners.
- Sodium
As early as 1920, it was found that very small addition of Na modifies the structure
of Al-Si alloys, causing an increase in strength and an appreciable improvement in
ductility. As time passed, Na addition became the established modification treatment for
Al-Si alloys [80]. Sodium is usually added in metallic form, vacuumed and encapsulated in
small aluminum cans to retard its natural burning in air. Sodium should be plunged into the
melt and stirred gently for a short time to provide good dissolution and dispersion. The
usual precautions apply regarding proper storage and the use of clean, dry tools. Fade, or
loss of modification, increases with excessive agitation, degassing, prolonged holding
periods, or excessively high temperatures. Sodium has a very low solubility in aluminum
(about 0.01%) and because of that, manufacturing sodium master alloys is impossible
(Figure 2.42).
/
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6S9
oi aa O.3
WEIGHT PERCE8T No
Figure 2.42: The solubility of sodium in aluminum [90]
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In general, a sodium addition of 0.015 to 0.020% is required for adequate
modification, which results in a residual level of Na in the casting of about 0.002%. Sodium
should not be used with alloys containing more than 1% Mg, because of possible
embrittlement effects [35].
- Antimony
Antimony is a modifier that is used predominantly in Europe and Japan. It is added
in amounts of 0.1% and greater and serves as a permanent alloy constituent of the
aluminum alloy. Antimony is commonly classed as a modifier though it is better classified
as a silicon refiner because it reduces the size of eutectic silicon by improving nucleation
and does not affect morphology. Antimony additions simply refine the Al-Si eutectic,
causing a fine lamellar eutectic to form instead of the fibrous one produced by sodium or
strontium. The microstructural differences that are apparent in Figure 2.43 are due to the
inability of Sb to cause extensive twinning in silicon.
Antimony is a toxic material and in addition it can react with hydrogen dissolved in
the liquid Al to form deadly stibine gas according to the reaction:
Sb + 3H -» SbH3 (2.38)
For these reasons, pure Sb is not added to melts in the foundry. Antimony treated
alloy is purchased as pre-modified ingot from primary aluminum suppliers and is simply
remelted and cast. Alloys modified with Sb are distinguished by lower gas susceptibilities
than those containing Na or Sr. However Sb modified alloy is not recommended for food
contact applications [35,36,89].
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(a) (b)
Figure 2.43: Microstructural differences of:
(a) sodium-modified structure, and (b) antimony-refined structure [89]
- Strontium
In 1975, an aluminum master alloy containing 10% Sr and 14% Si was introduced
for modifying the Al-Si alloys. It offered a convenient way of adding the modifier by
eliminating the two major problems with sodium modification, namely: fume generation
and uncertain modification. Unlike sodium, strontium presents no special storage or
handling problems and manufacturing of Al-Sr master alloys is entirely feasible, since the
Al-Sr phase diagram contains several intermetallic compounds (Figure 2.44).
Additions of 0.01 to 0.02% in foundry castings are sufficient, particularly when
melting returns, where typical residual 0.008% Sr is available. Occasionally, pure Sr has
been used as a modifier, but it is reactive with air and water vapor, and within a few
minutes becomes covered with a mixture of SrO, SrC>2, Sr(OH)2 and (CaSr)NO;!. This layer
can completely prevent dissolution unless it is mechanically removed, and for this reason,
pure metallic strontium is not the preferred way for addition to Al-Si alloys. Master alloys
which contain less than about 45% Sr are not reactive in air, and no special precautions are
necessary for their packaging and storage. Alloys with 20% to 60% Sr have melting points
in excess of 900°C and while they are stable in air, they are of no practical use. The 90%Sr-
10%Al alloy does contain some elemental strontium, and hence it is somewhat reactive in
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air, although much less than pure strontium. For this reason, it is packaged in sealed
containers as same as Na. They usually contain an inert gas rather than vacuum, reflecting
the lesser reactivity of the Sr alloys compared to elemental Na [35,36].
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Figure 2.44: The Al-Sr phase diagram [91]
2.3.3.2 Modifier comparison and properties
2.3.3.2.1 Dissolution
Sodium dissolution occurs more simply and rapidly (with 98°C melting point),
providing almost immediate optimal modification. As it was discussed, sodium has a very
high vapor pressure (0.2atm at 727°C) and hence large amounts of the sodium which are
added boil off almost immediately. Sodium recovery is therefore poor (20 to 30 % addition)
and antimony appears to behave similarly.
Strontium addition could be performed at high levels (about 90%) and with very
reproducible recovery but its dissolution characteristics are more complex than those of
sodium. High Sr containing master alloys such as 90%Sr-i0%Al dissolve by an exothermic
process known as reactive dissolution. The elemental Sr reacts with the liquid Al-Si alloys
and results in the formation of intermetallic compounds. The rate of this reaction, which is
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temperature dependent, determines the effectiveness of Sr recovery and therefore the
degree of modification achieved. It has been found that when elemental Sr is present, as in
90%Sr-10%Al master alloy, the exothermic reaction proceeds at about 725°C. However at
lower temperatures, the reaction is slowed down, and an intermediate intermetallic
compound, A^SiiSr, forms with good dissolution characteristics. Therefore, lower
temperature provides better recovery than higher temperature (Figure 2.45a) [92,93].
On the other hand, lower strontium master alloys such as 10%Sr-9G%Al dissolve by
simple dissolution. The microstructure of this master alloy contains Al-ALjSr eutectic and
large plates of ALjSr intermetallics. Thus most of the strontium is locked up in intermetallic
compounds and the process of adding strontium to the melt is by dissolving these
compounds. Therefore, recovery increases at higher temperatures (Figure 2.45b) because
the dissolution rate is greater. The optimal recovery is achieved after a certain time, 10-20
minutes, depending on the temperature and the specific Sr alloy addition [92,93]. Such time
is not only necessary for dissolution of Sr, but also helps it to interact with silicon particles
to initiate morphological alternation, i.e., incubation period.
Furthermore, the rate and degree of modification depends on the kinetics of Sr-
master alloys interaction with molten Al-Si alloy. They are [94,95];
• Dissolution rate of AUSr particles in the melt
• Formation of a new phase , Al2Si2Sr
a Successive dissolution of this phase to give Sr in solution (SriJ
Li Sr in solution affects the growth behavior of Si crystals and causes modification
a Partial reaction with phosphorus to form strontium phosphide , which leads to the
fading of the modifying activity
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Figure 2.45: Comparison of dissolution rates for strontium additions made with:
(a) 90%Sr-10%Al, (b) 10%Sr-90%Al master alloys [92,93]
2.3.3.2.2 Modifier fading
Of the three commercially available modifiers, Na, Sr and Sb, two are subject to
fading. Antimony is chemically stable and is not known to undergo any fading effects.
Basically three types of chemical reaction in the melt may cause modifier fading [32,36]:
• Modifier may vaporize due to a high vapor pressure at melt temperature
Ü It may oxidize due to an excessive chemical affinity for oxygen (Table 2.5)
3 It possibly will react with other elements coming from the remelting of scrap
(such as modifier interactions) or due to the especial refiner addition and
consequent interaction with them such as what happens when B is added to the
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Sr-modified sample. In the latter case, modifier is ineffective due to the
chemically combined form.
- Sodium
One of the main disadvantages of sodium is its fading. As it can be seen from Table
2.5, sodium with a vapor pressure of 0.2 atm at typical melt temperatures can easily boil out
of the melt, causing large losses. The data presented in Figure 2.46 is typical of sodium
fade. As it is obvious, the loss of sodium content is very high and there is a subsequent loss
over a period of 1-2 hours down to levels of 0.002%-0.G05%. Fading strongly depends on
many casting parameters such as dimension of casting, stirring of the melt, degassing
condition, etc [32,36].
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Figure 2.46: Loss of sodium during holding in a crucible [36]
- Strontium
Strontium fades more slowly than sodium and as it could be seen from Table 2.5,
the vaporization of Sr is not an important factor for fading mechanism. Thus it appears that
Sr losses from the melt are by oxidation, since the oxide of Sr is somewhat more stable than
Al or Si [32,36].
2.3.3.2.3 Incubation time
Incubation period means the time the modifier needs to affect the structure. For
example during the first 1 -2 hours after Sr addition, the degree of modification is observed
to improve [96]. At first this was thought to be due to slow dissolution of the strontium, but
later several studies on the dissolution of Sr in Al-Si melts have shown that a minimum of
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30 minutes is required to achieve the maximum melt Sr concentrations, even under the
most favorable conditions [96]. Significantly shorter times are necessary if the optimum
dissolution conditions are used. This appears to be related to the low dissolution rate of
AUSr and the time required for Sr to react with A1P present in the melt. Chai and Backerud
[95] have shown that in Al-Sr master alloys, the size of ALjSr particles affects the degree of
modification. A master alloy with fine AUSr particles will reduce the incubation time.
With sodium, an incubation period may or may not exist. This phenomenon is not
detectable because it is masked by the much more pronounced fading phenomenon. It is not
known if an incubation period exists with Sb treatment. Antimony is virtually always used
as pre-modified ingots containing 0.1-0.15% Sb. It is not added directly at the foundry
level, and hence it is almost impossible to observe incubation effects [36,96,97].
2.3.3.2.4 Porosity formation
The influence of modification on porosity is a matter of considerable debate over
the past 30 years. The effect is well illustrated in Figure 2.47. Jacob [98] studied cast bar
treated with different modifiers in a mold arranged with a chill at one end and a riser at the
other. As the Na or Sr content increased, the density of the bar was lowered due to
enhanced porosity in the sections more distant from the chill. Because of different
mechanism, Antimony does not increase porosity.
Continue
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Figure 2.47: Density along the length of a bar solidified with a chill at one end and a riser
at the other (X axis: Length of test piece in mm, Y axis: Specific Gravity):
(a) Na-modified, (b) Sr-modified, and (c) Sb-modified [98]
The increased porosity associated with modification may cancel any beneficial
effects of structural refinement. It is now well accepted that modifiers disperse porosity
throughout a casting causing an increase in microporosity and a decrease in macroporosity
or piping. Argo and Gruzleski [99] have summed up the controversial situation and
concluded that it is natural to attribute increased porosity in a modified casting to an
increase in the hydrogen content and thus the modifier being thought to be somehow
responsible in increasing the susceptibility of the melt to hydrogen pick up. However the
other related works [100,101] have shown that this is not the case for Sr. They have carried
out a controlled study on porosity in modified and unmodified A3 5 6 alloy, using the Tatur
test to identify the differences in the distribution of porosity and shrinkage. Their
radiographie and Tatur results have shown that modification leads to redistribution of
porosity upon solidification, from primary pipe type into microporosity, appearing thereby
to increase the porosity. An example of this is seen in the photograph of Figure 2.48. The
unmodified casting contains large shrink porosity in the heavy section at each end. With
Sodium modification, this is dispersed as microporosity throughout the part [102].
Figure 2.48: Correlation between shrinkage and modification:
(a) large shrinks in the heavy sections, unmodified alloy; (b) by sodium modification, the
macro-pores are replaced by micro-pores dispersed throughout the casting [102]
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Another experiment [100] has shown that Sr additions do not increase the hydrogen
level nor change the regassing rate of a previously degassed melt. If in fact there is no
relationship between the dissolved hydrogen content of a melt and modifier concentration,
then any increase in porosity must be due to some other effects such as [89]:
o A decrease in surface tension of the melt that would facilitate pore nucleation;
a Enhanced interdendritic feeding difficulties caused by the longer freezing range of
modified alloys;
a Higher dirt (inclusion) levels in the modified melts that lead to easier pore
nucleation.
Anson et al. [103], with different addition levels of Sr and by measuring pore size
and density to distinguish between gas and shrinkage porosity, have shown that the porosity
percentage increases with Sr concentration. The pore density (number of pores/cm2)
decreases as a function of the microstructural effect of Sr due to a decrease in the number
of shrinkage pores. The average and maximum pore size increase with Sr concentration and
these increases are greater than the decrease in pore density. Finally they have also reported
that small addition of Sr (15-30ppm) produces a partially modified structure with more
dispersed and spherical porosity.
2.3.3.2,5 Surface tension
Surface tension is a natural property of all liquids and it is due to an incomplete
coordination of the atoms at the liquid-gas interface. Atoms in the bulk of the liquid are
compietely surrounded by the other atoms, while those at the surface are only in contact on
the side and below. Interatomic attractions cause an uneven pull on the surface atoms,
drawing them into the body of the liquid and resulting in a curvature of the surface as the
liquid tries to assume a shape that has a minimum surface area.
As mentioned, the effect of Sr on the level of microporosity has been thoroughly
studied by numerous workers such as [98-102]. It is generally claimed that the presence of
modifier decreases the surface tension of the melt thus facilitating pore nucleation [104]. In
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this part, considering the importance of surface tension in semi-solid processing, the
correlation between modifier addition and surface tension will be reviewed.
Emadi et al. [104] by using sessile drop technique in an argon atmosphere have
shown that at 685°C surface tension of A356 alloy changes from 0.79 to 0.64 N/m with Sr-
addition and to 0.715N/m with Na addition. Anson et al. [105] continued the work on the
sessile drop experiments but more precisely with and without atmospheric pressure and
showed that at 630°C surface tension changes from 0.889 to 0.844 N/m with Sr-addition in
the vacuum. They reached the point that addition of hydrogen gas has no significant effect
on the surface tension of the unmodified A356 (0.874N/m), while it lowers the surface
tension of the modified alloy to 0.801 N/m due to the formation of SrH2.
In another series of experiments, Lee et al. [106] measured oxygen using an oxygen
analyzer and the surface tension by measuring the force for pulling up a Pt-Rh ring from the
liquid in the argon atmosphere at different temperatures. They have shown that with Sr and
Na addition, the surface tension of the melt decreases. They used both oxygen analysis and
surface tension measuring equipments. Figure 2.49 shows the surface tension and oxygen
variation by sodium and strontium. In normal superheat, the surface tension of Na-treated
samples are always smaller than Sr-treated ones. As the temperature increases, the surface
tension also increases because of the increase of oxide amount (Figure 2.49b). Another
conclusion is that Na-modification shows higher oxygen content comparing to Sr-
modification and that is why Na-modified melt is so sensitive to superheat.
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Figure 2.49: (a) Surface tension, and (b) Oxygen content with Sr and Na additions [106]
2.3.3.3 Modifier interactions
The topic could be studied from two different points of view as follow:
a As it was described, Sr, Na, and Sb are the main modifiers used commercially to
treat hypoeutectic Al-Si alloys. Table 2.6 illustrates the effects of various
modifier additions to the melt. It is clear from this Table that single addition
does not meet the entire requirement of a superior treatment. From this point,
combining additions of modifiers have attracted attentions [110-113].
a From an industrial standpoint, scrap and returned parts may contain one or all of
the three conventional modifiers and therefore this causes contamination of the
original melt by these elements. The situation becomes worse if chemical
analyzer has no detector for such elements.
2.3.3.3.1 Phosphorus reaction
Phosphorus interferes with modification by Na, Sr, or Sb and alloys with higher P
levels require larger retained modifier concentrations in order to produce an acceptable cast
structure. If the phosphorus concentration can be reduced to less than lppm, an Al-Si
casting alloy will freeze with a lamellar structure without addition of any modifying agent
[36,107]. Thus natural structure of these alloys is lamellar. It is only the higher P values
associated with commercial alloys which cause the eutectic silicon to solidify in an acicular
form. Thus the amount of modifier required depends on the P content.
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Table 2.6: Summary of sole modifier additions
Element
Sb
Na
Sr
Morphology
Fine lamellae
Fiber
Fiber
Advantages
- Durable effect
(no fading)
- No incubation period
- Simple & rapid
dissolution
- More durable than sodium
Disadvantages
- Toxic gas formation
- Not recommended for food
industry
- Storage problem
- Rapid fading
- Sensitive to degassing, prolong
holding, high temperature
- Fume generation during addition
- Incubation period
- Porosity redistribution
Modifier/phosphorus interactions have been determined experimentally to some
extent as seen from Figure 2.50. The more the phosphorus level decreases, the lesser
quantity of each modifier is required. Also it was proved that increasing cooling rate, the
acceptable phosphorus concentration increases [108,109]. In Al-Sr master alloys, it was
shown clearly that P could increase the incubation period and it has little effect on the
degree of modification during the first 10 minutes [95,96,108,109].
I O-» -
O S 10 15
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(a) (b) (c)
Figure 2.50: P-Modifier interactions in A356 alloy (solidification time of samples are
60s): (a) Na-P, (b) Sr-P, (c) Sb-P (F=fibrous; L=lamellar; A=acicular)[108,109]
2.3.3.3.2 Na / Sr-Sb interactions
The problem of Na/Sr-Sb interactions is shown in Figure 2.51. At the usual modifier levels
(0.01-0.015%), poor modification is achieved if antimony is present and much higher
treatment levels are required to reach reasonable modification ratings [110]. Thus the
problem can be easily solved if one could distinguish antimony presence. Handiak et al.
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[111] demonstrated that negative interaction between antimony and other modifiers is due
to the following reaction:
Sb + Na or Sr + other elements -> Solid compounds (2.39)
These solid compounds effectively remove the modifying agent from solution and
thus prevent them to act as a modifier. Since the compounds contain antimony, a dense
element, they tend to sink to the bottom of the furnace to form sludge.
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Figure 2.51: Modification ratings of A3 56 alloy containing antimony [110]
2.3.3.33 Na-Sr interactions
The idea initiates from the fact that sodium has a rapid modification effect with
short duration while strontium is associated with a lower acting but longer lasting effect.
The first trial done by Wang and Gruzleski [110] has shown that in 356 alloy, the Na side
of the combination yields modified structure in shortened incubation time in the first 40
minutes and an extended duration associated with Sr-modification. Lu et al. [113] with
microstructural and thermal analyses on 356 alloy have shown that combined addition of Sr
and Na does not appear to cause improvement of the modified structure even after a short
period of time. Loss of modifying elements was believed to be responsible for the
disappearance of the modification effect during holding. Na addition was claimed to
accelerate Sr vaporization and/or oxidation kinetically, leading to a quicker loss of both
modifier.
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CHAPTER 3
LITERATURE REVIEW:
PRINCIPLES OF SEMI-SOLID CASTING
3.1 Semi-solid casting process, a review
Technologies for SSM processing can be generally divided into two basic groups
(Figure 3.1):
1. Rheo- routes
2. Tbixo-routes
The rheo-route involves the preparation of a SSM slurry from a liquid phase and its
direct transfer into a die or mold for component shaping. The term "Slurry-on-Demand",
SoD, has recently been coined in industry to describe slurry making operations that take
place in the cast shops, thus provide a constant supply of slurry for shaping operations.
The thixo-route is basically a three step process, involving preparation of a
feedstock material having an equiaxed or globular, non-dendritic structure or indeed having
the potential to transform into equiaxed structure on further processing. The second step is
reheating of the feedstock material to temperatures between solidus and liquidus (mushy
zone) to generate a semi-solid structure. The final step is shaping of the mush that has
thixotropic characteristics. The feedstock for thixo processes may include a variety of
sources: rheocast billets, pellets or chips, spray formed solids, grain refined ingots,
compacted powders, and mechanically deformed bars [7,8].
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Figure 3.1: Schematic representation of two major categories of SSM processes
3.1.1 Rheo-route techniques
As mentioned before, there is a wide range of processes patented or under
investigation within research and development centers worldwide. In spite of technical and
technological differences amongst the available rheo-routes, they may be categorized
within the following groups.
3.1.1.1 Mechanical stirring
The implication of stirring during solidification of alloys was initially originated at
the Massachusetts Institute of Technology, MIT [114]. Melt agitation is commonly
generated by means of augers or screw [115-118], impellers or some special kind of
agitators [114,119-121]. Non-dendritic structures could be formed by applying shear forces
exerted by stirrers during solidification. The process was developed from batch into a
continuous process. In the simple continuous process, superheated liquid in the holding
vessel flows down into a gap between the stirring rod and the outer cylinder where it is
simultaneously stirred and cooled (Figure 3.2). Slurry flows from the bottom of the
rheocaster either to be cast directly to shape (rheocasting) or to be solidified as feedstock
material for subsequent reheating and thixoforming.
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IP
Figure 3.2: Schematic diagram of a primary rheocaster [114]
In spite of mechanical stirring being the first SSM processing route, it has found
limited applications on industrial scale due to its drawbacks such as oxide contamination.
Efforts were made to overcome its shortcomings which have resulted in introducing new
processes using helicoidal screws and in most cases, shearing and solidification
implemented in separate compartments [115-116]. The main reason for the modification
seems to be the improvement in the microstructural uniformity of semi-solid billets. Figure
3.3 shows a new rheocasting method introduced in Japan. It is provided with two separate
initial and stirring tanks. Liquid metal is transferred from the melt tank by a pump, sheared
by water cooled stirrers and the resulting slurry is ejected out for further processing. This
may be regarded as a SoD machine to provide the semi-solid slurry for high pressure die
casting. Figure 3.4 illustrates a new design named "twin screw technology" [115].
The conventional mechanical stirring method has certain disadvantages, such as
erosion of the stirrer (particularly with more chemically aggressive alloys), the
contamination of the slurry by oxides and dross, gas entrainment, low productivity and the
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difficulty in process control. In addition, slurries produced by such processes tend to
contain larger, less ripened rosette particles and less homogeneity than other processes.
Such morphologies immobilize and entrap more liquid, adversely affecting the rheological
behavior of the slurry by reducing the effective liquid fraction [7,8,122].
Figure 3.3: Schematic illustration of the single-screw rheocasting process [116]
Figure 3.4: Schematic illustration of the twin-screw rheomolding process. l)heating
elements; 2)crucible; 3) stopping rod; 4)barrel; 5)heating elements; 6)cooling channels;
7)barrel liner; 8)transfer valve; 9)die; 10)mold cavity; 1 l)heating elements; 12)shot
sleeve; 13)twin-screw; 14)piston: 15)endcup; 16)driving system [115]
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3.1.1.2 Magneto Hydro Dynamic (MHD) stirring or Electro Magnetic Stirring (EMS)
It was claimed that MHD stirring process was developed by Young et al. [123,124]
to overcome the associated problems with the direct mechanical stirring. In this technique,
local shear is generated by a dynamic electromagnetic field. The solidifying metal acts as
the rotor and the stirring action created by liquid movement shears the dendrites formed
within the mushy zone, i.e. globules are created. The stirring is deep in the liquid which has
previously been filtered and degassed, so that contamination is virtually eliminated. From
the solidification point of view, such vigorous agitation breaks up the dendrites and
transfers dendrite branches and newly formed grains into the bulk, improving distribution
of particles and creating a uniform temperature through out the slurry. It has been reported
[125] that MHD casting process could be able to deliver the desired solidified
microstructure with a grain size that is normally about 30p.m. This compares with the 100
to 400um grain size produced by mechanical stirrers.
Electromagnetic stirring can be achieved through three different modes: vertical,
horizontal, and helical flow. The helical mode is a combination of the vertical and
horizontal modes. In the horizontal flow mode or rotational stirring the motion of the solid
particles takes place in a quasi-isothermal plane so that mechanical shearing is probably the
dominant mechanism for spheroidization (Figure 3.5a). In the case of vertical flow mode or
linear stirring, dendrites are similarly fragmented at the solidification front but are
recirculated to the hotter zone of the stirring chamber and partially remelt. Hence thermal
processing is dominant over mechanical shearing (Figure 3.5b).
The continuous casting is made through either a vertical or horizontal arrangement,
depending on the casting direction in relation to the gravity vector. While vertical stirring
has so far been employed in vertical continuous casting only, horizontal stirring has been
used in both vertical and horizontal casting systems. The microstructures produced from
MHD feedstock are strongly affected by the design of the inductive coils. In addition,
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electromagnetic force fields in the mushy zone are not uniform and this may result in billets
with different degrees of structural modification in the radial direction.
According to Niedermaier et al. [126], the major advantages of horizontal MHD
continuous casting include cost effectiveness and continuous production, but the quality of
the billet is influenced by gravity. From a technological point of view, the essential
difference between the two methods lies in the direction of gravity in relation to the casting
direction. In contrast to horizontal MHD, the vertical MHD casting benefits from
symmetrical solidification and with no limitation of the billet diameter. However, the
vertical system suffers from drawbacks, such as discontinuous production, high investment
and production costs. It is claimed that EMS application not only breaks down dendrites to
encourage globularization, but also could have beneficial effects on secondary phases, such
as intermetallic particles and eutectic silicon in Al-Si foundry alloys [127,128].
(a) (b) (c)
Figure 3.5: Schematic of electromagnetic coils for MHD stirring and solid particle flow
pattern in the mushy zone (a) due to rotational inductive coils, (b) due to linear
inductive coils, and (c) helicoidal stirring [126,129]
3.1.1.3 New RheoCasting NRC™ or UBE process
This process was developed in Japan by UBE industries [130] to produce SSM
slurries of Al and Mg alloys. It is typically a SoD process and relies on thermal treatment of
alloy melts. The sequence of processing steps leading to the formation of SSM slurries are
(Figure 3.6) as follows:
84
Molten alloy is prepared conventionally with a definite superheat depending on the
case (step 1)
The molten alloy prepared in step 1 is poured into a heat-insulated vessel. This
transfer could be direct or by pouring through a jig (step 2). Here, the jig acts as a
nuclei generator (It is important to note that grain refiner addition and also the
amount of superheat in step 1 depend on the application of jig).
In step 3, the alloy is held within the vessel for a period of time (5 second to 60
minutes) in the mushy zone to obtain a specific fraction of solid suitable for
pressure forming. In this step and with a uniform temperature profile within the
vessel very fine and isotropic dendritic primary crystals grow with a spherical shape
as the fraction solid increases with decreasing temperature.
In step 4, the obtained billet is pressure formed within a mold cavity to produce a
shaped part
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Figure 3.6: (a) Schematic representation of NRC process,
(b) diagram showing the process sequence for hypoeutectic Al-Si alloys [130]
3.1.1.4 Liquid mixing process
This process is based on the formation of a new alloy from a mixture of two molten
alloys, either 2 hypo- or a hypo- and hyper-eutectic Al-Si alloy [131,132]. The rational for
this process is based on the fact that if two or more molten alloys having different melting
points that are held superheated are mixed either directly within an insulated vessel or
indirectly with a first contact on cooling plates, they generate nuclei in the alloy melt. As
mentioned [130], the superheat temperature, the melt refining process, the holding time
within the insulating vessel, and the way of mixing are the main parameters that must be
fully controlled, see Figure 3.7.
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Figure 3.7: (a) Schematic representation of one mixing process;
(b) a diagrammatic representation showing the metallographic structure of a shaped part
10) ladle; 20) cooling jig; 30) ceramic container; 40) injection sleeve; 50) mold [130]
yTM3.1.1.5 The new MIT process, Semi Solid Rheocasting SSR
This is a process recently disclosed by a team at MIT [133-135]. The process has
been claimed to produce fine SSM structures without entrapped liquid. This process, Figure
3.8a, consists of the following steps;
• Agitation over a very short time and just below the liquidus temperature with a
copper or graphite rod, the so called "Spinning Cold Finger"
• Localized heat extraction, and
• A short period of slow cooling or isothermal holding in the semi-solid region
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The combined stirring/cooling action at the liquidus temperature results in copious
nucleation of primary ct-Al particles in the melt. The SSR process is shown to be
compatible to both low and high fraction solid castings. It is interesting that low fraction
solid slurry could be handled like a liquid and there is no need for changing a conventional
diecasting machine. Therefore, for example, the stroke of the machine does not need to be
lengthened. Typical SSM structure produced by this method is shown in Figure 3.8b. This
concept is under commercialization by IdraPrince as the SSR™ (Semi Solid Rheocasting)
process [136].
Ct. ' 1
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(b)
Figure 3.8: (a) Sequence of the SSR™ process, (b) micrograph for 356 cast alloy [136]
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3.1.1.6 Ultrasonic treatment
Experimentally, it is well established that application of ultrasonic treatment to a
cooling melt at a starting temperature just above its liquidus can produce effectively a fine
and non-dendritic microstructure, which is suitable for subsequent reheating and
thixoforming operations. Introduction of high power ultrasonic vibration into a liquid alloy
can lead to two basic physical phenomena [137]: cavitations and acoustic streaming.
Cavitation involves the formation, growth, pulsation, and collapsing of tiny bubbles
in the melt. The compression rate of these unsteady state bubbles can be so high that their
collapsing generates hydraulic shock waves. Primary particles are broken up by these
waves, thus producing artificial sources of nuclei. The propagation of high-intensity
ultrasonic waves also involves the initiation of steady-state acoustic stream in the melt. The
total effect of various kinds of streams is to mix the melt vigorously with consequent
homogenizing.
Hydraulic and acoustic streams generate shock waves resulting from the collapse of
cavitation bubbles to effectively break particles of the already solidified alloys and acoustic
streams generate by ultrasonic treatment will homogeneously distribute these fine solid
particles. When ultrasonic vibrations are coupled with the solidifying metal, structural
changes occur including grain refinement, suppression of columnar grain structure,
increased homogeneity and reduced segregation.
Abramov et al. [137-139], investigated the possibility of obtaining a thixotropic
structure by an ultrasonic treatment in Al-Si based alloys and claimed that it is an effective
way of treating major commercial Al-Si alloys. They concluded that the ultrasonic field
provides nucleation sites and destroys the growing crystals. The reported mechanical
properties have shown enhanced elongation values. It also reduces the size of primary
silicon particles in hypereutectic Al-Si alloys. Figure 3.9 is an example of the resulting
microstructures.
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Figure 3.9: Microstructure of A19Si alloys:
(a) conventional casting, (b) solidified with ultrasonic treatment [137]
3.1.1.7 Hitachi Process
Shibata et al. [140-141] described a new process to create slurry in the shot sleeve.
In this process, Figure 3.10, liquid is transferred directly by an electromagnetic pump to the
shot sleeve. In the next step, SSM is generated in the water cooled shot sleeve with EMS
application. Because of cooling from shot sleeve and induction heating from
electromagnetic field, it was claimed that the temperature of the liquid metal in the shot
sleeve decrease almost uniformly. This process claims to have the following advantages:
• Direct casting from liquid state thus offering all the rheo-casting advantages
• With EMS application, uniform temperature distribution in the shot sleeve is
assured
• With electromagnetic pumping, oxide inclusions are reduced and pouring weight is
accurate
• Mechanical properties of the casting prepared by this process are better than those
of squeeze casting and are almost the same as those of conventional SSM process
It seems that this process is extensively used by Hitachi Metals Inc [141].
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Figure 3.10: Hitachi process with focusing the electromagnetic stirring in the shot
sleeve [141]
3.1.1.8 Low pouring or superheat casting
It has long been realized by foundrymen and ingot casters that low pouring
temperature not oniy causes the formation of equiaxed grains, but also reduces casting
defects, such as gas and shrinkage porosity. Shibata et al. [142] applied this concept for
SSM processing, i.e., low pouring temperature. It is well understood that convection during
mold filling is an important factor as solidification begins. For low pouring temperatures,
the natural convection due to pouring redistributes the nuclei formed, while at high pouring
temperatures, the convection subsides before solidification even begins and all the formed
nuclei remelt leaving the solidification to start with a relatively motionless melt.
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Shibata et al., have shown that spherical primary solid phase can be easily obtained
by low pouring temperature method. Figure 3.11 shows schematic drawing of the semi-
solid process in their study. The melt was poured into the shot sleeve and injected into the
die cavity after a defined cooling period. Figure 3.11b shows the effect of pouring and
sleeve temperatures on roundness of a-Al particles. Higher roundness of primary a-Al
particles were obtained at the lower pouring and sleeve temperatures. This phenomenon
appears to be based on equiaxed grain formation initiated by a copious nucleation
mechanism.
Wang et al. [143-144], produced AlSi7Mg0.35 alloy with different pouring
temperatures in a 50mm diameter mold. In their experiments, pouring temperature was
decreased from 725 to 625°C. With decreasing pouring temperature, as-cast
microstructures changed from coarse dendritic (725°C) to fine rosette-like (625°C). Also
with reheating the billets at 580°C and quenching, particle size decreased with decreasing
pouring temperature (Figure 3.12). Table 3.1 also summarizes their results. The variation of
shear stress with displacement after isothermal holding at 580°C for 15 minutes is also
reported. The 725°C cast samples show high shear strength in excess of 50kPa, while for
the 675 °C material the shear strength is reduced significantly to 20kPa. When the pouring
temperature is reduced to 650°C, the shear resistance of the material is very low at about
5kPa and the shear stress does not drop significantly after the maximum (Figure 3.13).
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Figure 3.11: (a) Schematic of casting method,
(b) effects of pouring and sleeve temperature on roundness factor [142]
Table 3.1: Summary of the microstmctural parameters measured in the as cast and reheated
billets at 580°C for 15 minutes [144]
As cast microstracture
Casting
Condition
725°C
675°C
650°C
625°C
Structure
Coarse- grained,
dendritic
Medium-grained,
dendritic
Fine-grained, dendritic
Fine rosette-like
Grain
Size
(um)
900
350
200
180
Reheated
Particle
Size (um)
310
160
102
95
microstructure
Morphology
Solid network
Irregular globular
Spherical globular
Spherical globular
Continue
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Figure 3.12: Microstructures of: (a) as-cast at 725°C, (b) as-cast at 625°C ,
(c) and (d) partially remelted and isothermally held for 15min from specimens with
initial microstructure exhibited in (a) and (b) respectively [144]
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Figure 3.13: Variation of shear stress with displacement for the 356 cast at different
temperatures and isothermally held at 580°C [reproduced from 145]
Interestingly, another important issue is the way of pouring which was shown for
the first time by Chalmers [25]. Dahle et al. [146] have studied this phenomenon by using
an experimental arrangement as shown in Figure 3.14. A thin cylinder of metai screen was
placed into a moid and then molten metai was poured both from the wall and center of the
moid. One can see that the grain size in the center is much finer when liquid is poured from
the cold wall because of the large amount of nuclei produced in the first contacts.
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(a) (b)
Figure 3.14: Macrostructures produced by different pouring techniques:
(a) central pouring, (b) wall pouring [146]
3.1.1.9 Sub Liquidus Casting (SLC9)
The SLC® process from THT Presses Inc considered another simple slurry
production approach to SSM processing [147]. This process involves pouring grain refined
or a super refmed melt at very low or near liquidus temperatures into a vertical shot sleeve,
controlled cooling of metal in the shot sleeve and injection into the die cavity, following
formation of desired fraction solid and slurry ripening within the cold chamber (Figure
3.15). It has been reported to yield a globule size of approximately 75um [147-148]. Unlike
other SoD routes, the SLC® process requires no slug preparation equipment or processing
time outside of the casting machine [149].
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Figure 3.15: Schematic of SLC shot sleeve and gate plate [147]
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3.1.1.10 Swirled Enthalpy Equilibration Device (SEED)
This is a new process patented by ALCAN International [16]. In the SEED process,
a superheated alloy is poured into a cylindrical mold. The mold is then rotated at certain
RPM. Duration of this stage depends on the dimension of the mold and the mass of charge,
but typically between 30 and 60 seconds was reported [151]. In the next step the swirling
motion is stopped, and after a brief pause of 5 to 10 second the bottom plug is removed to
allow some remaining liquid to drain. The degree of superheat and the swirling and
drainage time and speed are selected in such a way as to allow a solid fraction of 0.3-0.4 to
form before drainage. This is based on heat exchange between the mold and molten alloy.
After a specific time between 30 to 45 seconds, the prepared billet is unloaded and
transferred into a high pressure diecasting machine to fabricate the finished products
(Figure 3.16).
At the present time, this process is being commercialized and specific information
on it is available in the open literature [150-152].
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Figure 3.16: Preparation procedure of slug SEED process [152]
3.1.2 Thixo-route techniques
3.1.2.1 The Strain-Induced Melt Activation (SIMA) Process
It was the primary objective of the SIMA inventors [124] to devise a more flexible
and economical process for providing small diameter feedstock for some wrought alloys.
This process involves (Figure 3.17):
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• Cold deformation or quenching of a hot extruded or rolled bar to induce sufficient
strain,
• Reheating the cold worked billet to the semi-solid temperature range. In this step,
following partial remelting, an extremely fine, uniform, and nondendritic spherical
microstructure is generated (Figure 3.18),
• Thixoforming the billet
TIME-TEMPERATURE PROFILE
LIQUID
ROOM TEMPERATURE •
TIME (min)
(a) (b)
Figure 3.17: (a) Original SIMA process, (b) SIMA procedures for pre-cast billets
[122,124]
• - • \i
TA1 <
(b)
Figure 3.18: SIMA processing route for semi-solid forming, 357 alloy: (a) direct chill cast
with 6 inch diameter, (b) longitudinal section of the extruded stretched bar,
(c) cross section of the reheated and quenched sample [124]
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Scientifically, if the material has been sufficiently deformed and recrystallized to
generate a fine-grained microstructure, a partial remelting will then cause it to fragment
generating an ideal slurry composed of rounded solid particles within a liquid matrix. The
initial deformation may be carried out above the recrystallization temperature (hot working)
followed by cold working at room temperature [124,125], or alternatively below the
recrystallization temperature (warm working) to ensure the maximum strain hardemng, as
suggested by Kirkwood and co-workers [7,153].
Sufficient cold deformation induces recrystallization during subsequent heating
when strain is larger than a critical value. Recrystallization leads to the formation of a large
proportion of high angle grain boundaries, which are able to melt during partial remelting.
Therefore, the larger the applied strain, the smaller the grain size becomes, i.e. finer
globules will be generated when cold working is sufficient. This is shown in Figure 3.19 for
A17%Si alloy cold rolled with various thickness reductions [154].
, • v ' ' ' , * , ' - ' / • &•' • " • * • " ' * ' • • - ' j % * «. ' * " • * ' , • » , % '
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Figure 3.19: Microstructure of conventionally direct chill cast Al-Si7Mg0.6 after partial
remelting at 580°C (fs~0.45), and cold rolling (a) 0%, (b) 10%, (c) 25% and (d) 40%
prior to partial remelting. Isothermal held ~30seconds [154]
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3.1.2.2 Spray Casting (Osprey)
This process with two different production methods is shown in Figure 3.20.
Briefly, the alloy charge is induction melted in a crucible located on the top of the spray
chamber (this melting unit could be directly linked to a tundish). The molten metal flow is
directed through a nozzle into a gas atomizer (the flow rate varies for different alloys). This
results in atomization of the liquid stream into different size droplets. The liquid droplets
are cooled by the atomizing gas and interact with the substrate.
According to Mathur et al. [155], there are two distinct stages of the process: One is
when the droplets are in flight and just interact with the atomizing gas, and the other is
when they impact and interact with the substrate. In the first stage, the generated droplets
are categorized as fully liquid, semi-solid, or completely solid. They are collected on a
substrate and solidified to form a shaped casting (Figure 3.20b). In the next stage of the
process, the droplets impinge, consolidate, and solidify on the substrate to form a
homogenous structure.
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Figure 3.20: (a) Two different arrangements for tube and billet production by Osprey
process, (b) solidification mechanism of Osprey process [156]
The Osprey process has been applied to a wide range of alloys, such as aluminum
and its SiC composites, and high temperature alloys such as high speed steel, and copper
alloys [155,156].
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3.1.2.3 Liquidus or low superheat casting
As it was described before, this process could be also a source for the thixocasting
process. With low pouring temperature, the resulting microstructures are usually fine and
non-dendritic. Partial remelting and isothermal holding of the sample will produce a
globular structure suitable for thixoforming operations. This technique has been reported
for both cast and wrought aluminum alloys.
Wang et al. [143], have performed experiments with AlSi7Mg0.35 alloy with
different pouring temperatures in a 50mm diameter mold. Using a stepped die for squeeze
casting and reheating the produced billets from different pouring temperatures, they have
shown that the low temperature poured material filled completely the die with negligible
porosity (Figure 3.21).This technique could be used for industrial application but the major
obstacles may arise from difficulties related to accuracy and uniformity of temperature
control, and consistency and uniformity of resulting microstructure in large scale
production [8].
(a) (b) (c)
Figure 3.21: Cast pieces from different pouring temperatures (above) and their X-ray
radiographs (below).
Pouring temperatures are (a) 725°C, (b) 675°C, and (c) 650°C [143]
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3.1.2.4 Chemical grain refinement
Chemical grain refinement is a routine practice in continuous casting of aluminum
alloys. This technique has also been considered for feedstock production [9-11,157]. In this
method, globular SSM slurries can be obtained by simply reheating grain refined billets that
could be purchased from cast houses or primary producers. It was claimed [158] that in this
technique, the morphology of the primary a-Al particles is still globular or rosette-like, but
the amount of liquid entrapped within the particles is significantly larger than MHD
slurries.
In a recent work by Pan et al. [159], it was shown that the grain refinement approach
is more flexible and cost effective compared to the EMS technique. They proved that the
type of grain refiner is a critical parameter in the establishment of the final microstructure
and by using a new trade mark grain refiner, named SiBloy, concluded that during
reheating of grain refined billets, the B-refined billets have 4 times less entrapped liquid
compared to TiB2-refined billets (Figure 3.22).
(a) (b)
Figure 3.22: A comparison of semi-solid structures of: (a) B-refined billets,
(b) TiB2 grain refined (Reheat temperature: 585 °C) [159]
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3.1.2.5 Thixomolding
Thixomolding is a process that was developed especially for magnesium alloys
(Figure 3.23). The raw material for the process is neither liquid (as in rheocasting) nor solid
billet (as in thixocasting), but rather solid pellets or chips of 2-5mm in size obtained during
machining or other metal working of the magnesium alloys. These chips are fed into a
heated injection system where they are partially melted and transformed under continuous
shear force into thixotropic slurry. The core of this unit is an Archimedean screw which
performs both rotary and translational movement. To prevent the magnesium alloy from
oxidizing, an argon atmosphere is maintained within the system. Two major advantages of
this process are its effective slurry production and elimination of liquid metal handling. At
the present it appears that this process is limited by relatively low solid fractions (-0.3),
selection of the material for the screw, and oxide formation [8,122].
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Figure 3.23: Schematic diagram for thixomolding process [8]
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3.2 Grain refining and modification in the semi-solid casting, a review
3.2.1 Effects of grain refining on semi-solid structures
Addition of grain refining agents to molten aluminum is now a prerequisite for
successful and economic casting. Grain refinement provides an equiaxed grain structure,
uniform mechanical properties, and better machinability; it also eliminates shrinkage,
increase resistance to hot tearing and improves feeding.
In the SSM processing of aluminum alloys, specially Al-Si alloys, the size of the
primary a-Al particles play an important role in the final mechanical properties. Most of the
alloying elements reduce the size of a-Al grains but as mentioned before, the effective
method for reducing the size of grains is the application of grain refiner. It was reported
that the best flow behavior for semi-solid metal processing is achieved if the raw material
structure consists of finer and more rounded globular grains [10].
In the science of semi-solid, there is not much work reported on the direct
incorporation of grain refiners during the processing and preparation of slurries and most of
the works are related to the post thermal treatment of the cast billets [9-13]. As a result, the
current section is to cover the research works on the two main groups of SSM processes;
thixocasting and rheocasting.
3.2.1.1 Grain refining in the thixocasting
A typical grain refining curve shown in Figure 3.24 presents the grain size of
primary phase in relation to the grain refiner addition rate. At lower addition level, the grain
size decreases significantly with increasing addition rate. However above a definite
titanium and/or boron addition level (Ci.) only slight improvements in grain size are
achieved. Due to technical and economical reasons, the usual addition level is therefore as
low as possible, this is in the range of C; for cast alloys and even below Ci for wrought
alloys. If DC-cast bars of this type are reheated for SSM processing, the reheating times of
up to several hours are required to produce globular grains by means of ripening and
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coalescence [157]. Depending on the alloy system this may result in formation of very large
grains. However some preliminary experiments indicated that higher addition levels of
grain refining agents may promote the formation of globular grains during reheating, even
though it does not significantly change the as cast structure [9,160].
c. c
Grain Refiner Addi t ion Level
Figure 3.24: Grain refining of Al alloys with grain refiner containing Ti and B [9,160]
Gabathuler et al. [10] by using different grain refiners, EMS and ultrasonic SSM
routes, and observing the microstructure and the forces needed to extrude SSM AlSi7Mg0.3
billets through a die (ingot with 75mm diameter), claimed that A1TÍ5B1 and A1T12.5B2.5
master alloys are not efficient enough for the production of thixobillet because the desired
grain size for an adequate thixotropic material is less than 150 |im and the measured grain
sizes were never below 200 um (Table 3.2).
Table 3.2: Influence of AlTiB grain refiner on the grain size and homogeneity of
DC cast AlSi7Mg0.3 [10]
Grain
refiner
Without
AITijBj
AlTi :. 5B 2.j
Concentration
[%]
-
0.02
0.1
0.5
0.02
0.1
0.5
Grain diameter [pa]
Near ingot
surface
» 5000
350
300
240
400
300
220
Ingot
center
» 2000
500
500
420
450
350
300
Homogeneity
of grain
size
[feather
icrystals
good
food
very good
good/poor !
good
very good j
Wan et al. [9,160] studied the effects of grain refining on the billet production. They
added A1TÍ5B1 master alioy to the A356 and poured it in a water cooled conical brass mold
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and a preheated steel mold to achieve different cooling rates. The samples were heated in a
medium frequency induction furnace to a temperature 5°C above the eutectic/solidus
temperature with varying heating rate and holding period and they were quenched after
holding. The following results were concluded (Figure 3.25):
- At a given addition rate, the grain size both in the as-cast and subsequently reheated
conditions decreases with increasing the cooling rate,
- Above approximately 0.025%Ti, the as-cast grain size is almost constant and the as-cast
grains are equiaxed dendritic,
- The minimum reheating time for the formation of rounded globular grains decreases with
increasing addition level of grain refiner,
- At an addition level of 0.26%Ti, the minimum reheating time is at a technologically
acceptable level of 5 minutes and the reheated globular grain size is approximately 120um.
Mertens et al. [11] have studied the aluminum wrought alloy AlMgSil (6082) with
different feedstock manufacturing and feeding routes. With grain refinement, it was
observed that in the as-cast structure, the material already has a globular dendritic matrix.
Heating to 635°C and isothermal holding for 5 minutes, induces a structure suitable for
thixoforming with a mean grain diameter of about 90um approximately. After holding for
20 minutes at 640°C, the a-Al phase is present in an almost spherical form, but the structure
is slightly coarser. An approximately 130um mean grain diameter was reported (Figure
3.26).
Bergsma et al. [12,161] have observed the combination effects of high solidification
rates and grain refining on 76.2mm dia. billets of A356 and A357. The average grain size
before reheating was 120um and samples were reheated to 588°C and then quenched. The
results show that combination of grain refiner addition and semi-solid thermal
transformation (SSTT) result in spherical particles formation. Also with increasing the
holding time at 588°C. the particles tend to grow and the shape changes (Figure 3.27).
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As Cast Microstructure
Form factor after
reheating wühln
a given îlmo
Microstructure After Reheating for 5 Min.
Figure 3.25: Results of grain refinement for thixotropic raw material. The
microstructures of A356 are shown as example. Ci conventional addition level and
C2=critical addition level [9,160]
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Figure 3.26: Structural development of the grain refined material as a function of the
temperature and holding time [ 11 ]
106
\
\
f , , 4
?;m# is) Tims la)
r;?
(a) (b)
Figure 3.27: (a) Shape factor as a function of holding time,
(b) average 3D particle diameter versus holding time [12]
Wang et al. [143-145] with experiments on A17SiO.35Mg in 50 mm steel mold and
with different pouring temperatures, have shown that using both low pouring temperature
and grain refining could optimize the structure during billet casting, partial remelting, and
injecting. They confirmed that the addition of grain refiner imparts little effect on grain size
for the casting condition used in their work but after isothermal holding at 580°C, they
concluded that the grain refined samples attained a globular structure faster than the non
grain refined alloy because of the more rosette like structure of the grain refined sample.
Table 3.3 and Figure 3.28 show the variation of grain and globule size before and
after refiner addition and/or reheating. As seen, grain refiner has an obvious effect on the
structure both on the as-cast and reheated structures. Figure 3.29a shows stepped die cast
pieces, injecting of the reheated refined alloy led to the complete filling of the mold with
the added bonus of defect free cast piece. Figure 3.29b is a good indication of reheating
time which shows that smaller grain size could be reheated in lesser time during
lhixocasting.
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Table 3.3: Selected parameters measured in the as-cast and reheated billets at 580°C for 15
minutes [144]
Casting
Condition
650°C
650°C + GR
As-cast microstructure
Structure
Fine-grained, dendritic
Fine globular
Grain
Size(um)
200
160
Reheated
Particle
size(jim)
102
95
microstructure
Morphology
Spherical globular
Spherical globular
(d)
Figure 3.28: Microstructures of: (a) as-cast 650°C, (b) as-cast grain refined 650°C,
(c) and (d) partial remelted and isothermally held for 15 minutes from the initial
microstructure of a and b respectively [144]
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Figure 3.29: (a) Cast pieces from grain refined (right) and non refined (left) samples and
their X-ray radiographs [143], (b) globularization time for different microstructures
isothermally held at 580°C [144]
Also they measured the shear behavior of the semi-solid material by a direct shear
test. Figure 3.30 shows the shear results for different treatment and holding times. For
longer holding times, more globules form which results in lower shear strength. The
reduction in shear strength is achieved at longer times for non-grain refined samples; 6
minutes of reheating to reach to lOkPa shear strength in contrast to 3 minutes for the
refined specimen to have the same shear. The difference in shear strength becomes
negligible at longer reheating times [145].
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Figure 3.30: Variation of shear strength with isothermal holding time for the cast
and EMS materials [reproduced from 145]
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Pan et al. [159,162] have investigated the effect of melt treatment in different thixo-
routes. They used boron grain refiners in the form of SiBloy trade mark and for comparison
purpose, a commercial T1B2 refined ingot was examined as well. It was found that in non
reheated samples, boron grain refined billets have smaller grain size compared to TÍB2
grain refined sample (Figure 3.31a&b). Moreover, B-refmed billets have more uniform
grain size distribution on the billet cross section than commercial TiB refined samples.
Figure 3.31 compares typical B-refined and TiB-refined billets before and after reheating.
One can see that the structure of the latter has much more entrapped liquid content, larger
a-Al particles and less spherical particles after reheating (comparing Figure 3.31c&d).
Quantitative metallography has shown that the B-refined billets have 4 times less entrapped
liquid. Figure 3.32 shows the difference between TiB and B-refined billets. They finally
concluded that the optimized boron-refined alloy is an excellent candidate billet material
for SSM processing.
(c) (d)
Figure 3.31 : Typical grain structures of the alloys investigated,
(a; B-refined. (b) TiB2-refíned, followed by a comparison of semi-solid structures of B-
refined billets (c) with those of commercial grain refined (d)
(Reheated Temperature: 585 °C) [159]
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3.2.1.2 Grain refining in the rheocasting
Grimmig et al. [163] used grain refiner and modifier to investigate the effect of melt
treatment on the final quenched microstracture on A3 5 6 alloy. For rheo-route, they used
cooling slope process. It was claimed that the addition of grain refiner did not change the
structure and just what supplier added was enough. However, it is clear from the optical
micrographs in their paper, shown here in Figure 3.33, that the primary a-Al particles are
finer, better distributed, and even a-Al percentage is increased.
No fv F vim grail»
Figure 3.33: Microstructures with and without inoculation in the quenched billets [163]
Shibata et al. [142], by employing the low pouring rheocast technique, have shown
that addition of grain refiner roughly raises the roundness factor of the a-Al particles. Also
this increase is more for T1B2 grain refiner (Figure 3.34).
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Figure 3.34: Roundness factor of test specimen [142]
In the support of the above mentioned observations, Sukumaran et al. [164] with
isothermal rheocasting studies of A15.2SÍ alloy have shown that the refiner addition (in the
form of A15TÍ0.6B) prior to stirring has influence on the size and morphology of the
primary a-Al phase . The effects of applied shear rate on the primary particle size of the
non-refined and refined alloys are shown in Figure 3.35. The size of primary a-Al particles
obtained with the refiner addition followed by stirring is comparatively smaller than that
obtained without refiner. This has been proposed due to heterogeneous nucleation resulting
in the formation of equiaxed grains suppressing the formation of dendritic/columnar
structure.
Continue
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(C) (d)
Figure 3.35: Effects of shear rate and refiner addition on the primary a-Al size [164]:
(a) and (b) with 210s"1, (c) and (d) 535s"1 ,(a) and (c) without refiner, (b) and (d) with
refiner (duration of stirring 30minutes)
The effects of isothermal shearing time at a constant shear rate (210s"1) on the mean
particle size and intercept length are shown in Figure 3.36. As the isothermal shearing time
increases, the particle size decreases initially, reaches a minimum value and increases
again. In the case of grain-refined alloy, the time that was required to obtain minimum
particle size is less than that for the non-refined one. In both figures, the addition of refiner
reduces the size of the particles and improves the degree of their roundness.
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Figure 3.36: Mean particle size (a) and mean intercept length (b) versus time for
isothermal stirring at 615°C [164]
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3.2.2 Effects of modification on semi-solid structures
It is well known that the irregular growth of the eutectic can be modified by the
addition of modifiers such as Sr. In the presence of a modifying element, Si growth is
interfered and its morphology changes to fibrous. In general, the structural modification is
concluded to be the result of a change in the growth mechanism from layer to continuous
growth. The morphological change of the Si phase results in improving mechanical
properties, including higher strength and better ductility of the alloy.
One of the main aims of SSM processing, with specific emphasis on Al-alloys, is to
obtain globular structure of the primary phase to improve mechanical properties and
thixotropic behavior of the alloy. As a result, there is not much work reported on the other
micro-constitutes that usually form during solidification of Al alloys such as silicon. Fat
Halla [165] have studied the effect of modification on the stirring of commercial alloys A-
S7G03 (7.1%Si, 0.3%Mg) and A-S4G (4.2%Si, 0.1 %Mg). Some of their results are shown
in Figure 3.37.
(a) (b)
(c) (d)
Figure 3.37: Alloy A-S7G03 (a) conventionally cast (b) stir cast (c) stir cast with
0.02%Sr (d) stir cast with 0.04%Sr [165]
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As expected, the eutectic silicon in the conventionally cast sample has a flake
morphology with relatively large size. With stirring, not only the ce-Al particles transformed
to rosettes and globules but also the eutectic silicon is broken into much smaller sizes. With
Sr addition, the eutectic silicon becomes very fine and the optimum modification of stir-
cast alloys was achieved at around G.02%Sr. Higher amount of Sr addition, results in
overmodification which could have detrimental effects on the mechanical properties [165].
Figure 3.38 shows stress-strain curves for the unmodified and modified stir-cast 356
alloy. The yield strength has almost the same value of 1 lOMPa for both cases. The ultimate
tensile strength (UTS) has significantly increased from 160MPa to 210MPa with
modification. Moreover, the percent of elongation was increased remarkably from 2.75%
for the nonmodified alloy to 15% for the modified one. Furthermore, the fracture surfaces,
as examined by SEM, showed dimple and smooth ripple patterns, for the modified stir-cast
alloys, reflecting the high ductility.
2K: . . . .
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Figure 3.38: Stress-Strain diagram for stir-cast, modified and nonmodified A-S7G03
alloy [165]
Loue and Suery [14] have worked with AlSi7Mg thixocasting billets. They have
done some experiments with direct chill and permanent mold casting using electromagnetic
stirring, EMS, and addition of Sr for modification. They have investigated the effect of
isothermal holding at 580°C on the resulting microstructure and claimed that with addition
of Sr, the morphology of eutectic silicon has changed from lamellar to fibrous and the grain
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size has decreased slightly. It was found that the kinetic of fusion of the eutectic phase
during partial remelting was not altered by the Sr modification. Also the presence of Sr in
the liquid phase does not change the coarsening characteristics of the solid phase.
Jung et al. [15] investigated the morphological changes of primary Al phase in A3 56
alloy by using EMS and Sr modification. They concluded that the optimum current for
globalization is 15A. Also the optimum addition of Sr is 50ppm. Above this amount, the
eutectic silicon was well modified but the average size of primary a-Al phase increased. It
was suggested that the increase in the a-Al particle size is due to the extended mushy zone
resulting from Sr addition. The average size of the eutectic Si for the stirred condition is
slightly smaller than that of the non-stirred alloy. This is not directly related to
electromagnetic stirring and is probably because of uniform distribution of the modifier due
to the stimng (Figure 3.39) [15].
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Figure 3.39: (a) Variation of the average size of the eutectic Si stirred at 15A with
the amount of Sr, (b) Effect of electromagnetic stirring on the average size of the
eutectic Si [15]
In the recent work of Grimmig et al. [163] on A356 slurries produced by the cooling
slope process, they have shown that 175ppm Sr addition changed the Si morphology from
lamellar to fibrous and this effect fades during holding time (Figure 3.40).
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Figure 3.40: Microstructures of non-modified and modified A356 quenched billets
[163]
3.3 Principles of rheology
The semi-solid materials exhibit both like solid and liquid depending on the applied
shear stress. In the absence of external forces, the material maintains its integrity and
therefore could be easily handled in the form of a billet. When shear is applied, the material
flows like a liquid but with less turbulence and able to fill the die cavity in progressive
steps.
As a two phase flow, the study of the flow behavior is more complicated and needs
special knowledge of the so called "rheology". Rheology is the science of deformation and
flow of matters and is regarded as a branch of physics concerned with the mechanics of
deformable bodies [174]. The inter-relationship of rheology and mechanical properties of
the materials is closely tide up with materials' viscosity within mushy state.
3.3.1 Newtonian and non-Newtonian fluids
Basically, Newtonian fluid is defined as a fluid between two parallel plates where
the upper plate is stationary and lower one is set in motion with a velocity Vx at time zero.
The fluids adjacent to the plates have the same velocity as the plates, i.e., the fluid adjacent
to the lower plate moves with a velocity Vx. As time proceeds the fluid gains momentum,
and after a sufficient time steady state condition is reached. At the steady state, for plates of
area A, and laminar flow, the force is expressed by:
e
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(3.1)
Where Y is distance between plates and u is constant of proportionality or dynamic
viscosity. The force per unit area is the shear stress and in steady state when the velocity
profile is linear, shear stress may be expressed as:
dV.
Tyx = -ft- dy (3.2)
So, liquid metals are Newtonian fluids. This means that their shear stress (t) is
dV °
proportional to the shear rate (—- = y) at a given temperature. Any fluid that does not
dy
obey the Newtonian relationship is called non-Newtonian. The subject of "rheology" and
"thixotropic behavior" is devoted to the study of the behavior of such fluids. In chemistry
science, high molecular weight liquids which include polymer melts as well as liquids with
fine suspended particles (slurries), and pastes are usually non-Newtonian. In this case, the
slope of the shear stress versus shear rate curve will not be constant and depends to shear
rate and physical conditions such as pressure, time, and temperature [167]. Different non-
Newtonian fluids are categorized in Figure 3.41.
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Figure 3.41: Shear stress versus shear rate and viscosity versus shear rate curves for
different fluids [166]
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3.3.1.1 Shear thinning and thickening fluids
When viscosity decreases with increasing shear rate, the fluid is called shear-
thinning. Many paints which consist of pigment particles in polymer solutions exhibit this
behavior. When the paint is applied on to a surface by brushing or spraying, its viscosity
decreases. When the paint is on the wall, its viscosity increases and prevents it from
flowing due to the gravity. In contrast to shear thinning, shear thickening fluids are those,
where the viscosity increases as the fluid is subjected to a higher shear rate. Shear-thinning
fluids are called "Pseudoplastic" fluids and in these fluids the shear stress X is proportional
to shear rate y° as follow:
r = M°r (3-3)
From non-Newtonian fluids, viscosity is termed the "apparent viscosity". Some
shear-thinning fluids exhibit Newtonian behavior at extreme shear rates, both low and high.
For such fluids, when the apparent viscosity is plotted against log shear rate, a curve similar
to Figure 3.42 could be seen.
-slope" -0.51
10' IOZ I 0 3
r , ( s ' ' ) ( log scale 1
Figure 3.42: Relation between apparent viscosity and shear rate in a logarithmic
scale, 0.4wt% poly acrylamide in water, room temperature [168]
The regions where the apparent viscosity is approximately constant are known as
the Newtonian regions. The behavior of fluids falls between these regions can usually be
approximated by a straight line, where the results are interpreted in terms of the power law.
In this region, the behavior could be approximated by:
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= a + b*logy (3.4)
This could be rewritten as:
(3.5)
Where k = expa . Instead of b, n-1 is used for the exponent and as a result the apparent
viscosity is as follow:
ju = K(rrl (3.6)
Upon using the connection among the shear stress, apparent viscosity, and the shear rate the
equation could be shown as:
T = K(hn (3.8)
Where n is called the power law index. Note that n=l corresponds to Newtonian behavior.
Typically for shear thinning fluids, n lies between 1/3 and 1/2.
3.3.1.2 Viscoplastic or yield stress fluid
Another important type of non-Newtonian fluids is viscoplastic or "yield stress"
fluids. This is a fluid which will not flow unless the applied shear stress exceeds a critical
value known as the yield stress (To). For example, when a tube of toothpaste is opened, it
would be good if the paste does not flow at the slightest amount of shear stress. So
viscoplastic fluids behave like solids when the applied shear stress is less than the yield
stress. Once it exceeds the yield stress, the viscoplastic fluid will flow just like a fluid.
Bingham plastics are a special class of viscoplastic fluids that exhibit a linear behavior of
shear stress against shear rate. Nonlinear viscoplastic fluids are also exist in this group.
For certain class of fluids, the apparent viscosity continues to change as a function
of time for which particular shear rate is applied. These are known as time dependent non-
Newtonian materials. Fluids which become more pseudoplastic with time at a constant
shear rate are known as thixotropic fluids. The viscosity of a thixotropic liquid will
decrease with time under a constant applied shear stress and the structure breaks down
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progressively with time at a constant shear rate. Eventually, a dynamic equilibrium is
reached where the rate of the structural break down is balanced by the simultaneous rate of
reformation. Thus a minimum value of the apparent viscosity is reached at any constant rate
of shear.
Another important group of fluids exhibits viscoelastic behavior. This means that
these fluids behave both as solids (elastic) and fluids (viscous). Viscoelastic fluids exhibit
strange phenomena such as climbing up a rotating shaft, etc. An example of a common
viscoelastic liquid is egg-white. When it flows out of a container, a quick jerking motion is
enough to snap it back into the container [169].
3.3.2 Rheometers/Viscometers
In this section, the most widely known experimental techniques for measuring the
fluid viscosity are described.
3.3.2.1 Rotational viscometery
This technique has been mostly used for rheological characterization. There are
various rotational viscometers, i.e., spheres, disks, cones, and cups however the most
common type is the coaxial-cylinder device. In this method, a cylinder of radius îj is
suspended in the sample fluid in a container of radius r0. Basically two configurations exist,
Searle [170-172] type in which the inner cylinder rotates and the outer one remains
stationary, and the Couette [173] which has a rotating outer cylinder. The theory of
rotational viscometery is based on a rotating body which is immersed in a liquid and
experiences a viscous drag or rotating force. The amount of viscous drag is a function of
the rotational speed and there is no difference whether the body rotates or the container.
The main advantages of rotational viscometery is its continuous measurement at a given
shear rate for a period of time [174].
in the metallurgical applications, the rheological tests are often performed in three
different modes:
121
a Continuous cooling and shearing from a temperature above the liquidus
a Transient or steady state experiments from a specified starting condition under fixed
solid fraction and shear rate [175]
a Shearing after partial solidification or remelting [6]
From a mechanical point of view, semi-solid slurry resists against deformation and
thus induces a force which could be measured by a torque meter. This technique has high
flexibility in operating modes and flow conditions. The main disadvantages are its
limitation to low shear rates and relatively low solid fractions since high shear rate can
cause flow instability and high fraction solid can lead to wall slippage.
3.3.2.2 Extrusion
This technique is divided into direct and indirect extrusion [176]. In this method, the
flow is pressure driven and is characterized by a variation of shear rate along the cross
section. Viscosity is visually calculated assuming linear viscous behavior which may not
necessarily be true for all the cases. Disadvantages are unsteady state data and segregation
due to the pressure gradient.
3.3.2.3 Indentation
This is another application of hardness test. Here, a constant pressure applied to a
ball to penetrate the surface of the semi-solid slurries. Similar to hardness, it is simply
applicable for different test conditions. It was claimed that this method works with fraction
solid greater than 85% [177].
3.3.2.4 Parallel plates
The material to be tested is placed between two parallel plates. In the case of semi-
solid, a cylindrical sample with low aspect ratio is compressed between plates at constant
deformation rate or under constant load. The rheological behavior of the test material is
determined from the measurement of the displacement of one plate with respect to the other
as a function of time [177-179].
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Generally, rheological characterization of SSM slurries with high fraction solid is
difficult due to the high shear stresses requirement. For this reason, parallel plate test has
been used for high fraction solid slurries (>0,5) [7]. It was claimed that the stress-strain
field in this test is highly inhomogeneous due to the presence of friction. The flow
conditions are complex and it is difficult to define the steady state and prevent solid/liquid
segregation [8].
As it will be described in the next chapter, the entire rheological tests were
performed using parallel plate test procedure; this technique is described in more details
here. For semi-solid applications, parallel plate viscometer was first used by Laxmanan et
al. [180]. Their compression apparatus consisted of a furnace with a tight control of
temperature, linear voltage displacement transducer, and different compression loads from
10 to 3000gr. Test specimens were Snl5%Pb alloy with a small size of 12.5mm diameter
and 6.25mm height. The tin-lead alloy slurries were selected due to their low working
temperatures (~200°C) to allow better experimental conditions and thus more accurate data.
With different fraction solids and forging pressures, they have shown that dendritic samples
deformed differently from the non-dendritic ones. For high fraction solids (>0.4) only small
strains were observed even at very long times while for lower fraction solids (<0.35), the
strain increased very slowly at first but accelerated suddenly (Figure 3.43a) [180].
Moreover, they reported that the pressure required to achieve a given amount of
deformation is much higher for the dendritic structure. The pressures required with the non-
dendritic structure are approximately two orders of magnitude lower than those for the
dendritic structure (Figure 3.43b).
Suery et al. [179] continued Laxmanan's work with parallel plates compression test.
The difference was on applying various deformation rates, i.e., low deformation rates from
8.5*1O'3 to 0.85 mms'1 and high deformation rates from 3.8 to 2.5*103 mms"1. Figure 3.44a
shows a typical experimental result for the comparison of different morphologies in
Snl5%Pb alloys. Samples with non-dendritic and fine dendritic structures deform
differently from the ordinary dendritic ones and the force remains very low up to a strain of
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one. A plot of the fraction of liquid within a non-dendritic billet is shown in Figure 3.44b.
At strains greater than 0.6, the segregation begins to occur and becomes complete in the
center by 0.85 compression. It is important to note that in their experiments, the
morphology of fine dendritic samples after preheating changed to globules and that is why
its behavior is the same as non-dendritic.
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Figure 3.43: (a) Typical strain-time curves for equiaxed-dendritic structures, (b)
relation between initial pressure, morphology, and fraction solid [180]
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Figure 3.44: (a) Stress vs. strain for specimens of different structures of Snl5%Pb,
(b) fraction of liquid vs. distance along the radius of a non-dendritic specimen
(deformed at a strain rate of 3.33* 10"V ) [179]
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With applying higher velocities, liquid segregation minimized (Figure 3.45). As
seen, the microstmcture contains approximately the same amount of eutectic in the middle
and near the edge. They claimed that in this deformation regime, homogenous distribution
is related to the flow of the liquid through the channels of the solid which becomes more
difficult and consequently the segregation becomes less [179].
Vertical section through
diameter
Figure 3.45: Microstructures of dendritic Sn-15%Pb alloy deformed to a strain of
0.65 by compression at a strain rate of 1.2*103 s'1: (a) middle, (b) edge, ~xl20 [179]
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4.1 Melt preparation
In order to investigate different parameters such as the effects of titanium in solution
and silicon morphology, the alloys' chemical compositions were classified into three
different groups, i.e., binary alloy A17%Si, 356 alloys with and without Ti in solution
(Table 4.1). Since various grain refiners and one modifier with different addition levels
were used, melts were prepared separately in small silicon carbide crucibles.
In all experiments, about 2.2kg of each alloy was prepared in an electric resistance
furnace. This amount was selected so that there was sufficient material for all the required
experiments, i.e., chemical and thermal analyses, and SSM slurry preparation.
4.1.1 Base alloy preparation
Three different hypoeutectic Al-Si alloys were prepared: A17%Si, commercial 356
alloy (with Ti in solution) which is named Com356, and 356 alloy without Ti in solution,
named A3 5 6. Table 4.1 shows the compositions of these alloys. The alloy compositions
given in the current document are in weight percentage unless otherwise specified.
Table 4.1: Chemical composition of the base alloys (wt. %)
Binary
Ailoy
A356
Com356
7.0-7.3
6.4-6.7
6.8-7.0
Mg
Nil
0.36-
0.4
0.33-
0.36
Fe
Max
0.09
Max
0.08
Max
0.09
Mn
Nil
Max
0.003
Max
0.003
Cu
Ni!
Max
0.001
Max
0.002
Ti
Nil
Max
0.0058
0.1-0.13
B
Nil
Nil
Nil
Sr
Nil
Nil
Nil
AI
bal.
bal.
bal.
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The binary alloy was prepared by mixing commercially pure aluminum (99.97%)
and silicon (99.5%). Pure Argon (99.998%) was used for degassing of the alloys for 10
minutes at a flow rate of stfhr"1. Melting temperature was set at 720-730°C however was
decreased to ~680-70Q°C due to degassing by cold argon.
4.1.2 Grain refiner and modifier additions
In this context, three grain refiners and one Sr-based modifier were used with the
following specifications:
a A15%Ti 1 %B, rod form, produced by KB Alloys Co.
a A15%B, rod form, produced by KBAlloys Co.
a A14%B, waffle form, produced by KBAlloys Co.
• AllG%Sr, rod form, produced by SMC Co. (Sbieldalloy Metallurgical
Corporation)
It should be noted that it was not the main objective of the current research to focus
and establish a comparison between different refiners. However, during the experiments
various observations were made on the effectiveness of each refiner. To achieve different
degrees of refinement, modification, and combined effects, the above-mentioned master
alloys were added to the melt to raise the titanium and/or boron and/or strontium levels in
the alloy. Specified amounts of these master alloys, wrapped in aluminum foil, were added
to the melt at 720-730°C using a preheated graphite bell. It is important to note that all the
melts were degassed with argon after master alloys addition and the contact time for the
first sampling was set to 20-30 minutes depending on the treatment (-30 minutes for
modification due to incubation period and ~20mintues for sole grain refiner).
In order to reduce settling and agglomeration of the added master ailoys, al! the
meits were stirred by a preheated graphite rod approximately 2 minutes before sampling.
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4.1.3 Chemical analysis
Samples for chemical analysis were cast into a standard scissor mold. Disk shape
samples having a 56mm diameter and 10mm thickness were prepared for chemical analysis
by machining the surface to remove surface segregation. Finally, 6-8 point ablations (OES)
were performed on the machined surface using ThermoARL-4460 and the results are
presented by averaging all ablations. The measurement of the grain refiner and modifier
elements concentrations is the most significant issue and therefore calibration of the device
regarding these elements especially boron is so vital. All the tests were done at the ALCAN
Arvida Research Center which is a worldwide producer of standards for such analysis. The
two standards of 356.2-AN and 356.2-CAK especially produced for analysis of A356 Al-Si
alloys were used with a 1% accuracy of the results.
4.2 Casting procedure
4.2.1 Conventional and semi-solid castings
In order to evaluate the effects of grain refining and modification on the semi-solid
slurries, cast parts were prepared both conventionally and by rheocasting. For conventional
method, i.e., static condition, graphite cups were used. The prepared charge was poured
into graphite cups of 25mm inner diameter and 5mm wall thickness. Cups were held in the
melt for approximately one minute to reach equilibrium condition and to ensure uniform
temperature distribution across the sample at the beginning of solidification. Each cup with
~50g of alloy was transferred to the testing platform and two K-type thermocouples were
quickly immersed into the melt near the center and wall of the mold and temperature
readings were collected by a high speed high resolution National Instrument data logger
system (SCXI-1102) with 10 per second sampling rate. The cooling rates for the graphite
molds were between 1.5-2°Cs"1 above liquidus temperature.
For SSM processing, swirled enthalpy equilibration device, SEED technology, as a
representative was used (Figure 4.1). About 2kg of the alloy was poured into a coated
cylindrical steel mold of 75mm diameter and 250mm long. In all experiments, the mold
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was tilted to reduce turbulence during pouring. The mold was then rotated at 150RPM or
2.5Hz. The duration of this stage depends on the mold dimension and the charge mass and
for these series of experiments it was set to 60 seconds. In the next step, the swirling
motion was stopped and after a brief pause of 5 to 10 seconds, the bottom plug was opened
to allow a portion of the remaining liquid to drain. Before drainage, all process parameters
were set to reach a fraction solid of 0.3-0.4. This is based on heat exchange between the
mold and molten alloy. After a specific time of 20 seconds, the prepared billet was
unloaded and transferred into the water-tank to be quenched to room temperature at about
20-25 seconds. In all experiments, two 0.8 mm diameter K-type thermocouples were
inserted near the mold wall and also the center at a distance 80mm from the bottom of the
mold to collect thermal data. The quenching temperatures for all the tests were
598.5±2.5°C.
Swirling Drainage
Figure 4.1: Schematic of SEED process
4.2.2 Thermal analysis (TA)
The cooling curve analyses were done for both conventional and SEED processes.
In both methods, two K-type thermocouples were embedded into the center and near the
mold wall at a distance of 10mm and 80mm from the bottom of graphite cup and steel mold
respectively. A minimum of two thermal analysis runs were performed for each addition
level.
130
Cooling rates were measured above the liquidus temperatures and it was between
1.5-2°C/s for the graphite cup and ~5°C/s for the SEED billets.
The analysis of thermal data was carried out based on the analysis of the Al-Si
solidification data [24,181] and since there are some dissimilarities in definition of critical
parameters in the literature, the following points would be defined and identified on a real
cooling curve as shown in Figure 4.2 (for graphite cup samples only):
: Start of primary a-Al dendrites nucleation
: Unsteady state growth temperature, the temperature beyond which the
newly nucleated crystals grow to such extent that the latent heat liberated
surpasses the heat extracted from the sample.
TgAi: Recalescence of steady state growth temperature due to release of latent
heat of primary a-Al dendrites
ATRec: Temperature difference between unsteady (TminAi) and steady (TgAi)
state growth temperatures of primary a-Al particles (recalescence)
: Start of eutectic nucleation
and Tmaxeut: Minimum and maximum of eutectic temperatures
A0: Variation of eutectic recalescence (Tmaxeut- Tmineut)
Tend : Solidification termination
ATa: a-Al solidification range (TnucAi - Tnuceut)
: Eutectic solidification range (Tnuceut - Tend)
It is worth mentioning that the chemical composition of the melt plays an important
role on the thermal analysis results. As for instance, the liquidus temperature of the Al-Si
melts varies with Si% according to the following equation [182]:
T, = 662.2- 6.913*[%Si] (4.1)
So, by a simple calculation, it is obvious that a compositional difference of 0.1%Si
between two samples means a difference of about 0.69°C.
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Figure 4.2: Cooling curve, first derivative, and reperesentation of important
paramereters of 356 alloy
4.3 Rheological tests
In order to examine the rheological behavior of the billets, after drainage of the
remaining molten metal, i.e. end of the SEED process, a few semi-solid slugs were taken
out of the mold and compressed uniaxially in a simple parallel plate compression machine,
"the press " (Figure 4.3). For the grain refiner and modifier investigations, a 2.2kg dead
weight was applied by a pneumatic lifting system.
The applied force and resulting displacement are monitored using a load cell with a
precision of 0.02% and a displacement transducer with ±0.1-0.2% full stroke precision. A
cylindrical furnace was installed on the press bed to keep the billet temperature constant
during the compression tests. The furnace is equipped with quartz heat resistant windows to
view the billet. Two K-type thermocouples were positioned within the furnace to control
the chamber temperature within a precision of 598±2°C. The overall time for pressing was
10 minutes and all compressed samples were quenched in water immediately after
compression. Detailed information on the device was described elsewhere [1831.
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Figure 4.3: (a) Schematic and (b) an actual overview of the press
By applying a constant load, the pressure decreases continuously during the
compression test and the viscosity could be calculated from the strain-time graphs with the
following equation:
h
Engineering Strain e = 1 (4.2)
Where h 0 and h are initial billet height (mm) and instantaneous height (mm) respectively.
By the way, the raw data obtained from the data logger is shown in Figure 4.4.
For viscosity measurements, the resulting strain-time graphs could be further treated
mathematically which are beyond the scope of this thesis. Nevertheless, for better
clarification, it should be noted that the SSM slurries could be assumed as Newtonian fluids
for low applied shear rates, i.e. less than 0.01 (s"1) and small variation of shear rate within
the samples [179,180,183-185]. After an initial rapid deformation, the billet deforms
steadily at a constant rate and in this period viscosity measurement is valid. The steady state
deformation behavior is attributed to the equal rate of agglomeration and de-agglomeration
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of particles which will be discussed later. In the current study, the steady state period was
between ~2QQ-600 s after the commencement of deformation.
Time (s)
0 100 200 300 400 500 600
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Figure 4.4: Typical displacement during compression test
In the literature for rheological tests, mostly small samples have been used, h « R
(height is much smaller than the radius of the billet). The reason for this size was
mentioned on the importance of radial deformation [179,180,185]. Although, this is in
contrary to the current work where actual billet is used. It should be stressed that the
validity of rheological measurements for billet geometry of — > 1 was confirmed before
[186].
4.4 Microstructural analysis
4.4.1 Optical microscopy
For the purpose of studying the structural evolution, samples were sectioned
transversely near the tip of the thermocouples, i.e., 10mm and 80mm from the bottom for
static and dynamic conditions respectively. All samples were mounted in bakélite, ground,
and polished to 0.05).im colloidal silica.
Quantitative analyses were carried out using a Nikon optical microscope (Eclipse
ME600) attached to a Clemex image analyzer. The outputs of the image system were
classified according to the purpose of the study and for the following evaluations:
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Area fraction of primary a-Al particles or silicon particles
Perimeter of primary a-Al or silicon particles
Average circular diameter of primary a-Al particles based on the diameter of a
circle having the same area as the measured object:
D = 2
where area is the primary a-Al or silicon particles area
(4.3)
Count as the total number of primary a-Al or silicon particles in a defined area
Number density as the total number of particles per unit area (mm" )
Length and width are the maximum and minimum distances between two pixel of
the boundary respectively (Figure 4.5b)
Aspect ratio is given by the ratio of the longest over the shortest feret diameter, i.e.,
length per width. Feret diameter is defined as the distance between two parallel
tangents on each side of an object (Figure 4.5a)
Feret 0
(a) (b)
Figure 4.5: Definitions of feret and aspect ratio
Sphericity given by:
Sphericity = Ank (4.4)
where A is the total area of primary a-Al particles and P represents perimeter of liquid-
primary particles interface. The closer the sphericity to one, the higher is the globularity
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of the a-Al particle. Since the average value of sphericity shows less sensitivity to the
morphological evolution, the new parameter is defined as the percentage of particles
having sphericity greater than 0.8. By this method, reasonable results are obtained.
• Area/Perimeter which is actually proportional to inverse of surface area per unit
volume, Sv :
A P
(4.5)
71 A
Where, Sv is specific volume surface of the particles (an estimation of 3D)
A routine was written to clearly distinguish the color differences between eutectic
and a-Al particles and for better distinction, etching with HF solution was used. For the
reason of having a representative of the structure, all the data were obtained from image
processing of the resulting microstructure between the center and the wall surface of the
billet (Figure 4.6). For characterizing the a-Al particles in the SEED specimens, 85 fields
with the total area of 255mm2 were examined (Mag. x50). The number of fields examined
renders statistically viable results with higher degree of confidence.
75mm ,
80mm
BILLET
Figure 4.6: Area for quantitative analysis for SSM billets and applied scanning mode
in the case of rheological tests, the microstructure was studied on the longitudinal
sections and regions with the highest deformation rate which is shown schematically in
Figure 4.7.
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Figure 4.7: Area for optical micrographs observations for a typical deformation
4.4.2 Electron microscopy
Electron probe microanalysis (EPMA) was used to perform high quality elemental
microanalysis for the following cases:
a Quantitative microanalyses of special microstractural feature and intermetallics'
compositions
a X-ray mapping of special elements of interest
For this purpose, wavelength dispersive spectroscopy (WDS), was carried out using
JEOL JXA-8900 microprobe.
The operating conditions were lOkV acceleration voltage, 20nA beam current, l(4.m
probe size, and 20s counting time on the peaks. Calibration was carried out with different
natural and synthesized standards of Al, Si, Mg, Fe, Sr, Ti, and B. The calibration accuracy
of the standards was carefully checked before the actual analysis after that by analyzing the
standards as unknown and experiments started when the results of the calibration were
10()±l%. For the best quantitative results, analyses are obtained on the polished and
unetched metallographic samples to increase the precision of the quantitative analytical
results. For better conductivity all the samples were coated with a thin layer of carbon.
In the case of investigation of silicon morphology, scanning electron microscopy
(HITACHI S4700 and JEOL JSM 840A) was used for better characterization of the
structure on the deep etched samples (10%HF, for 30 minutes).
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5.1 Master alloys specifications
5.1.1 A15%Til%B
Figure 5.1 shows the microstructures of transverse section and the backscattered
electron micrographs and x-ray maps in Figure 5.2 elaborate on the chemistry of the
intermetallic compounds in the as-cast master alloys. The microstructure of A15TÍ1B
master alloy consists of TÍAI3 and TÍB2 particles embedded in aluminum matrix. The
microstructure is almost homogeneous with small clusters of TÍB2 particles which were
segregated within the aluminum matrix. The average length and width of T1AI3 particles are
27±15 um, 11±6 am respectively. The presence of the TÍB2 particles is substantial because
of the high boron content shown in the boron-map. Microprobe analysis of large particles
confirmed the presence of blocky TÍAI3 particles (Table 5.1).
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Figure 5.1: Cross sectional microstructure of A15TÍ1B master alloy
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B x-ray map Ti x-ray map
Figure 5.2: Back scattered electron micrograph together with x-ray maps of AlSTilB
master alloy
Table 5.1: Chemical analysis of TÍAI3 particles in the A15TÍ1B master alloy (at. %)
AI
73.09
74.59
73.39
73.50
B
2.06
0
1.34
1.22
Ti
24.69
25.12
25.22
25.25
Si
0.14
0.29
0.01
0.007
Mg
0
0
0.03
0
Fe
0
0
0
0
5.1.2 A14%B
The optical micrographs in Figure 5.3 show the cross sectional view of the
commercially produced master alloy. Chemical analysis by microprobe and size
measurement confirmed that the microstructure of the A1-4%B consists of A1B|2 particles
with the average size of 6 ± 3 um. The AlBi? particles are not distributed well within the
master alloy and different sizes of particle agglomeration could be seen in the structure.
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Figure 5.4 shows backscattered electron micrograph plus x-ray maps for Al and B, The
chemical analysis given in Table 5.2 confirms the AÎB12 stoichiometry for the intermetallic
particles in the master alloy.
Figure 5.3: Cross sectional microstructure of the waffle form of A14B master alloy
BSE
A! x-raj map B x-ray map
Figure 5.4: Back scattered electron micrograph and x-ray maps of A14B master alloy
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Table 5.2 : Atomic percentage of boride particles result in the A14B master alloy
AI
7.25
6.97
B
92.73
93.00
Ti
0.0027
0.005
Si
0.0027
0
Mg
0.012
0.027
Sr
0.004
0
Fe
0
0
5.1.3 A15%B
The microstracture of the commercially produced master alloy (Figure 5.5)
comprises fine and nearly rectangular AIB2 particles with the average length and width of
9±6 jam, 6±3 urn respectively. These particles are distributed within the matrix and some
degree of agglomeration is obvious in the structure. Figure 5.6 shows backscattered
electron micrograph plus x-ray maps for Al and B. With microprobe analysis, the presence
of AIB2 particles was confirmed (Table 5.3).
A1B,
A1B,
Figure 5.5: Cross sectional microstructure of the A15B master alloy
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Figure 5.6: Back scattered electron micrograph together with x-ray maps of A15B master
alloy
Table 5.3: Atomic percentage of boride particles detected in the A15B master alloy
AI
31.90
30.797
B
68.08
69.19
Ti
0.004
0
Si
0
0
Mg
0
0.004
Sr
0.007
0.009
Fe
0
0
5.2 Grain refining in A356 alloy
5.2.1 Addition of titanium and boron with A15TÍ1B
These series of tests were done by addition of A15T11B as a grain refiner. Also the
base alloy was free from titanium (maximum 58ppm Ti in solution) so the results are not
affected by the dissolved titanium. The chemical compositions of the base alloys are listed
in Table 5.4.
Si
6.44-6.53
Table 5.4: Chemical analysis
Mg
0.36-0.39
Fe
Max 0,07
Mn
Max 0.003
of the base
Cu
Max
0.001
alloy (wt. %)
Ti
Max
0.0058
B
Nil
Sr
Nil
AI
bal.
5.2.1.1 Conventional casting
5.2.1.1.1 Thermal analysis
The effect of A15TÍ1B grain refiner addition to the A356 alloy on the early stages of
solidification is illustrated in Figure 5.7. The results are from the thermocouple at the center
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of the graphite cups. As it is obvious, small additions of Ti-B shifted the cooling curves up
and to the left with the recalescence decreasing with increasing master alloy content. The
nucleation event takes place at higher temperatures and shorter times after pouring. As
reported by other researchers [24,53,66], an effective grain refiner should not show any
undercooling before the actual growth temperature and therefore the smaller the
recalescence, the more effective the grain refiner. In these series of experiments, it is
clearly shown that A15TÍ1B does not remove recalescence completely even at its optimum
percentage. Therefore, it could not be rated as a perfect grain refiner for this alloy.
Thernio-Calc software was used as a useful tool for prediction of Ti effects on phase
reactions of A17SilMg alloy. In this case, an iso-pleth1 diagram was constructed for Ti
addition as shown in Figure 5.8. As it is evident from the iso-pleth and also confirmed
before [21], the start of peritectic reaction shifts to lower Ti concentration of ~0.12% Ti for
A356 alloy in contrast to -0.15 Ti for Al-Ti binary alloys. This has a bearing on the
nucleation of ot-Al grains due to the formation of AI3TÍ particles. Furthermore, close
examination of the iso-pleth, zoomed segment in Figure 5.8, reveals that Ti addition to
A356 alloy increases liquidus temperature, i.e. nucleation starts at higher temperatures with
Ti addition. This may have some effects on the semi-solid processing of the alloy since
higher Ti content could enlarge the solidification range, i.e. greater freedom during SSM
processing, and altering the directionality of solidification to enhance the formation of solid
across the bulk liquid . In actual testing condition however, other parameters such as
alloying and trace elements, cooling rate, and specially TÍB2 particles in the master alloy
may increase solidification temperature even further and improve grain refining potency.
1
 An isopleth diagram is a pseudo binary diagram which may come from ternary or higher degree phase
diagram where the phase relationship is identified for the elements of interest at different temperatures with
variation of one element.
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Figure 5.7: The initial section of cooling curves for the conventionally cast specimens.
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Figure 5.9 shows nucleation and growth temperatures of a-Al particles including
recalescence. With addition of grain refiner, both nucleation and growth temperatures
increased. As it could be seen from Figure 5.9a, nucleation temperature increased by ~5°C
while growth temperature increased by ~3°C with addition of Ti-B master alloy. The
increasing nucleation temperature allows new crystals to form ahead of solidification front,
rendering an equiaxed fine grained as-cast structure. Furthermore, the rate at which growth
temperature increases is less than nucleation temperature rise. In other words, there are
more nuclei with less potential for growth and thus effective grain refinement should be
expected. This is one of the basic criteria for a grain refiner to be rated as effective.
Recalescence (ATR6C) becomes approximately constant after ~6Q0ppm Ti addition
and therefore, from thermal analysis point of view, the critical Ti addition for this alloy
appears to be about 600ppm (Figure 5.9b). Further addition may reduce grain size even
further, but equally may form Ti-based intermetallics which are detrimental to the
mechanical properties of the as-cast products as discussed later. Lowering the recalescence
has a great influence on growth of primary a-Al particles. As defined before, minimum
temperature at the beginning of solidification, TminAi, shows the temperature where the rate
of latent heat liberation is balanced out with the heat extracted from the sample. In
untreated alloy, the existence of recalescence means the heat generated with the
commencement of solidification could not be transferred out of the mold completely and
therefore the heat balance leads to the appearance of recalescence. However this is not the
case for the refined alloy. In refined alloy, as depicted in Figure 5.9a, nucleation
temperature (Tnuc AÍ) increases and therefore in contrast to the untreated alloy, there are
more primaries within the same time interval for the refined alloy. These solid a-Al
particles can serve as heat sinks to absorb the heat released from surrounding liquid and
therefore leads to lower recalescence compared to the untreated alloy.
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Figure 5.9: Effect of Ti & B addition on the: (a) nucleation and growth temperatures of
primary a-Al, (b) ATRecCundercooling)
5.2.1.1.2 Structural analysis
Figure 5.10 shows the microstructural evolution by addition of Ti & B to the alloy.
The microstructure without refiner is fully columnar (dendritic) and transforms to equiaxed
(dendritic) morphology with increasing Ti and B (black areas are porosity). Moreover
untreated alloy is completely dendritic and the branches of dendrites are obvious while by
refiner, there is no directionality and the growth is multidirectional. The presence of more
potent nuclei in the system is the main reason for this transformation. The incorporation of
numerous nucleants due to grain refining encourages the formation of many a-Al particles
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adjacent to each other with their boundary layers almost in contact. The result is lesser
growth and multi-directional heat flow to eventually form equiaxed structure.
t
> .
. ' [BOO Mm|
(a) (b)
Figure 5.10: Optical micrographs showing the addition effects in the conventional
process: (a) without addition, (b) 520ppm Ti, 73ppm B
Finding nucleation sites is one of the most challenging steps in grain refiner
investigation. The likelihood of finding grain refining nucleants would increase with
increasing Ti & B concentration as it is the case for the specimen in Figure 5.11. A study of
the microstructures in the samples by optical and electron microscopy has shown that most
of the nucleation sites for a-Al are heterogeneous particles. Figure 5.11 shows a nucleus at
the center of a-Al grain along with its x-ray maps. The particle is basically rich in Si, Ti
and B with some Al. It may be suggested that on addition of Al-Ti-B master alloy, the fine
TÍB2 particles in the master alloy, Figure 5.2, have acted as nucleation sites, not for a-Al
primary phase but for AI3TÍ as the first new phase nucleating out of the melt. The AI3T1
particles in A356 alloy, as reported [187], do not have the simple AI3TÍ stoichiometry but
are a complex mixture of Al, Ti and Si. Therefore, the a-Al has nucleated on a compound
of Ti, B, Al, and Si as confirmed by the x-ray maps in Figure 5.13. Table 5.5 gives a typical
composition of these nucleants.
Table 5.5: Typical atomic percentage of Al,Ti,B,Si based-nucleant
Al | B
9.82 | 68.63
Ti
13.26
Si
5.8
Mg
0.015
Fe
2.47
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(d) (e)
Figure 5.11: SEM micrographs of the nucleant in the sample with 1300ppm Ti &
210ppm B (a) backscattered micrographs, and x-ray maps of (b) Al, (c) Si, and (d) Ti,
and (e) B
It is also worth mentioning that with higher percentages of master alloy addition, Ti-
based intermetallics may form. The formation of intermetallic particles is an indication of
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over refinement as shown in Figure 5.12. Figure 5.13 also shows x-ray mapping of the
agglomerations which confirms the presence of Ti and boron based compounds
(agglomeration is defined as a group of particles where the spacing is so small that they
could not be detected as isolated particles).
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Figure 5.12: Optical micrographs to show intermetallics agglomeration (arrowed) in the
A356 samples for: (a) 820ppm Ti, lOOppm B and (b) DOOppm Ti, 210ppm B
The ability of the A15TÍ1B master alloy to initiate refining depends on two
parameters. First and the obvious one is the potency of the intermetallic particles in the
master alloy such as TÍAI3 and TÍB2. Besides, after addition of grain refiner and by passing
the time, due to the solubility of the master alloy within the melt, a portion of Ti should
dissolve. This portion which may come from the TÍAI3 or the Ti in the a-Al matrix of the
master alloy imparts its growth restriction tendencies to further improve the overall
efficiency of the refiner.
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Figure 5.13: (a) Back scattered electron micrograph together with x-ray maps of the
intermetailic particles formed due to Ti & B addition,
(b) AI, (c) Si, (d) Ti, and (e) B maps
(Graphite cup sample with 1300ppm Ti & 210ppm B)
151
5.2.1.2 Semi-solid processing
5.2.1.2.1 Structural analysis
The effectiveness of added grain refiner, A15TÍ1B master alloy, on the morphology
of primary a-Al particles in the stirred alloy is well illustrated in Figure 5.14 (dark spots are
porosities). At first glance, it is obvious that there is no entrapped eutectic within the
primary a-Al particles. The eutectic encapsulation is one of the major defects in SSM
processing due to decreasing the efficient liquid accessible for deformation. It appears that
grain refiner addition has further reduced primary a-Al particles size and dispersed eutectic
regions uniformly as an added bonus to the already refined structure resulted due to stirring.
The percentage of primary a-Al phase is also increased slightly with grain refiner addition
which is related to the higher nucleation temperature and existence of numerous nuclei, as
already discussed for thermal analysis results (section 5.2.1.1.1).
By refiner addition, the quantity of active nucleants in the melt is increased and as a
result, more a-Al particles can nucleate. These effective nucleation sites lead to more
spherical particles and lesser growth ability of the primary particles. On the other hand, it
may be argued that with the addition of Ti, grain growth is restricted due to constitutional
supercooling where the primary a-Al dendrites reject Ti into the solid-liquid interface as
they grow. As the concentration of Ti increases at the interface, it may reach the level
where new nucleants of AI3TÍ could form within the interface layer. The presence of T1B2
in the master alloy together with the newly formed AI3TÍ particles, encourage the formation
of new a-Al nuclei within the interface. The newly formed a-Al particles are expected to
reject Ti into the newly formed interfaces as they grow. The repetition of such mechanism
ensures the formation of finer and more equiaxed particles as these globules could not grow
much because of the neighboring globules and also higher growth restriction factor due to
titanium addition.
152
v..4:ÍÍ
Vf" 111mm;x
(a)
• • • • • . . . - ' - • • • • : • ; • . . • • •;•>
•;«; ; ; :ÎÏ:Ï.
ï:"''"^ f "';;::Í.r"I'~*3:-Cî J N ' V ->">J.'L/:
^ " • • •V . .
* & $ $ \ "?Í?
,-
:
 f ''•-••> ' k f
' ' . , -
; v .• > . • • • . : • : . " - : • ' • . • . • • ; - : ' . * . • : • • : * ' - * s . , , - ; : ; • - y •• : • : - . • • » ; . : . - ' • . . W B 6 W ï î r . - . ' - ' - r : < - " .• •:-;-
(c)
Continue
153
* " : • • • : . - • " ' • •
(d)
/ • • ; • ; • • • : • . , \ : • : • • .
/ .
' * - - liÁ,
íe)
' '•'.'. >:•'''' ' ~ '''.'/''''''••>.-..,
(f)
Figure 5.14: Optical micrographs showing the additional effects in the SEED process:
(a) without addition, (b) 2I0ppm Ti, 27ppm B, (c) 300ppm Ti, 38ppm B,
(d) 520ppm Ti, 73ppm B, (e) 820ppm Ti, lOOppm B, and (f) 1300ppm Ti, 210ppm B
The optical micrographs in Figure 5.14 show the effect of Ti-B on the primary a-Al
phase in the nominated samples. As it could be seen, samples have been grain refined with
increasing percentage of Ti-B and also the globularity of a-Al particles increased. However
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it should be mentioned that the drawback here is the agglomeration of Ti-based compounds
with increasing Ti content beyond approximately lOOOppm which degrades the potency of
the heterogeneous nucleants as already mentioned before, i.e., Figures 5.15 and 5.16.
Basically, the sources for agglomeration are;
1. The nature of grain refiner itself where some Ti-based particles may not have the
potency to act as nucleation sites nor to go into solution and rejected at the interface
to eventually segregate within the eutectic region as the last liquid to solidify. By
ThermoCalc calculation it is confirmed that the solubility limit of titanium in
A17SiO.35Mg at 700 and 650°C are 0.38% and 0.2% respectively.
2. The other source may be attributed to the peritectic reaction. With reference to the
Al-Ti binary phase diagram [21] and with computational thermodynamic using
Thermo-Calc for approximately the same alloy, Figure 5.8, it could be possible for
peritectic reaction to shift to lower Ti levels and as reported this shift is greater in
the presence of Boron [55,58]. The resulted AI3TÍ particles may agglomerate before
becoming active nucleants.
• * « • •
Figure 5.15: Ti based intermetallics (arrowed) in SEED sample with 1300ppm Ti,
210ppmB
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Figure 5.16: (a) Back scattered electron micrographs (different magnifications) together
with x-ray maps of the intermetallic particles formed due to Ti & B addition,
(b) AI, (c) Si, (d) Ti, and (e) B maps (SEED sample with 1300ppm Ti & 210ppm B)
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As a solidification principal, the solidification range is defined as the difference in
temperatures between the first and the last liquid to solidify. In binary Al-Si alloys,
solidification range is easily defined as the zone for formation of a-Al dendrites while in
ternary and multi-component Al-Si systems such as AlSiMg, solidification range consists
of two main intervals, the temperature range for the formation and growth of a-Al dendrites
(ATa) and/or iron intermetallics and the temperature range for the eutectic and post-eutectic
reactions including the formation of Mg2Si and/or iron compounds (Figure 5.17).
For the 356 alloys, the solidification ranges for the formation of a-Al dendrites and
eutectic reactions are plotted in Figure 5.18. It is shown that by increasing the Ti and B
additions, a-Al solidification range increases by ~6°C and addition of grain refiner has
almost no effect on the eutectic solidification range. This issue has a great influence on the
rheo-processing since initiation and formation of a-Al globules totally depends on the SSM
processing such as stirring in this region. The attention of the reader is also drawn to the
fact that there is no intention to re-introduce the concept of solidification range, since the
importance of solidification interval in SSM processing is well proven before [4,8].
However, the distinction of different parts of the solidification range is essential since the
eutectic portion of the mush evolution has not a great bearing in slurry preparation and the
key parameter is the primary particles formation.
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Figure 5.18: Effect of Ti and B on the solidification range of various phases
5.2.1.2.2 Image analysis
Figure 5.19 illustrates the quantitative results from image processing of the resulting
microstructure. With refiner addition, the primary a-Al percentage appears to increase
slightly (Figure 5.19a). This is due to higher number of effective nuclei for the primary a-
Al particles and also shifting of liquidus temperature to higher values with eutectic
temperature remaining unchanged.
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On the other hand, due to the efficacy of refiner, the equivalent circular diameter
decreases (Figure 5.19b). This parameter has a direct relation with number density, i.e., the
quantity of primary particles per unit area (Figure 5.19c). More effective nucleation sites
lead to better distribution of particles in the sample powered by limited growth which
results in smaller particle size. Such increase in number density is in spite of the difficulty
in image processing and differentiating between two adjacent a-Al particles especially
when they coarsen or there is less eutectic in the structure; it is possible to under estimate <x-
Al number density.
Also as a marginal but critical result, the main criteria of SSM processing, i.e. fine
primary phase particles, preferably less than lOOum diameter with globular or rosette
structure [158], are easily achieved by SEED even in untreated alloy. The SEED process is
an effective route to prepare billets for rheocasting applications. For better size distinction
of the particles, aspect ratio is used and it was just calculated for ratios above 2 which is a
representative of non globular structure. The average trend of area/perimeter and aspect
ratio decreased which these factors are indications of having reduction in size. Such
parameters are symbols of more isolated, finer, and more spherical a-Al particles (Figure
5.19d,e).
As it was described in the experimental procedure, the step before quenching is to
drain the remaining liquid to have a self standing billet. As it could be seen, in Figure 5.19f,
with more Ti addition, the percentage of liquid drainage increased. This is an interesting
result, since it is expected to have less drainage due to slight increase in a-Al particles
percentage due to grain refiner addition. However, since the globularity of a-Al particles is
increased, it is expected to have smooth channels without interlocking pathways for liquid
to flow. This may be attributed to dendrite coherency point, DCP, where both stirring and
grain refiner addition postpone DCP. This phenomenon has been reported for conventional
casting [78] where DCP point was postponed to lower temperatures with grain refiner
addition, i.e. the formation of finer and more equiaxed structure. Greater values for liquid
drainage due to grain refiner addition are therefore one of the reasons for greater and more
globular a-Al particles in the billet.
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Figure 5.19: Image analysis parameters for A356 with Ti&B addition:
(a) primary a-Al percentage (b) average circular dia., (c) number density of a-Al
particles, (d) area/perimeter, (e) percentage of a-Al paiticles having aspect ratio >2, and
(f) drainage as a process parameter
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By using the average value of sphericity, it was concluded that this parameter is not
responsive to small variation of the morphology and in most cases due to the averaging; the
maximum difference between sphericity values for the treated and untreated alloys is less
than 0.1. Therefore a more sensitive parameter was chosen which is the percentage of
particles having sphericity greater than 0.8. The histogram chart in Figure 5.20a shows the
percentage of a-Al particles with sphericity >0.8 rises with increasing grain refiner
addition. Figure 5.20b compares the sphericity numbers for the alloys without and with
refining. Closer values to 1 show more spherical particles which these values are greater for
refined alloy.
It is worth noting that image analysis technique is the reproduction of the
microstructure which is not exactly the same being studied. Therefore, it should always be
kept in mind that what image analysis can not do, for example it should be mentioned that
the definition of diameter in the software is based on the equation {l4 areal' n ), which area
refers to the area of the object being measured. Such measurement makes the assumption
that the examined object has a shape close to a circle and for instance, the more the particle
is rectangular, the greater is the error in the calculation. Considering this point, it should be
expected to detect small differences between the average circular diameter of a rosette and
globule a-Al particle with the same area.
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Figure 5.20: (a) The effect of refiner addition on the percentages of particles
with sphericity>0.8, (b) effect of refiner on sphericity values (820ppm Ti & lOOppm B)
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5.2.2 Addition of boron in the form of A1B12 with AI4%B
The addition of boron in the form of A1-4%B master alloy to the A3 5 6 alloy
(without Ti in solution) was investigated. The experimental procedure was the same as
described in chapter 4, The chemical compositions of the base alloy are listed in Table 5.6.
Si
6.42-6.6
Table 5
Mg
0.36-0.39
.6: Chemical analysis
Fe
Max
0.07
Mn
Max
0.003
of the
Cu
Max
0.001
base alloy (wt
Ti
Max
0.0058
B
Ni!
Sr
Nil
AI
bal.
5.2.2.1 Conventional casting
5.2.2.1.1 Thermal analysis
The magnified region of the onset of solidification is presented in Figure 5.21.
Boron addition in excess of 200ppm eliminates undercooling and interestingly there is not
any recalescence where the temperature keeps falling continuously after nucleation.
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Figure 5.21: Start of the solidification for the typical central cooling curves
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Thermo-Cale software was used as a predictive tool to examine as how the boron
addition affects the ternary Al-Si-Mg alloy. For this purpose, an iso-pleth diagram was
constructed for boron addition to the A17SilMg alloy (Figure 5.22).
As seen, boron addition expanded the mushy zone and brings about the formation of
a new, AIB2, phase in A7SiMg alloy. This area is more visible in the iso-pleth diagram
calculated for a constant value of boron, 0.02%, as shown in Figure 5.23. The formation of
boron compound is expected to have marked effect on the nucleation of primary a-Al
particles in the Al-Si alloys having more than ~4% silicon content. Furthermore by the
formation of AIB2, the liquidus shifts to higher temperature and that is to have sooner
nucleation. It is worth mentioning that in real casting condition, this thermodynamic
calculation would be slightly changed by non-equilibrium conditions such as higher cooling
rate, existence of trace elements etc.
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Figure 5.22: ThemoCalc calculation of the iso-pleth for A37SilMg versus B
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Figure 5.23: Iso-pleth of the AlSilMg0.02B versus Si
Thermal analysis data were determined by the principles of cooling curve analysis
[24] and especially with the intention of identifying the nucleation (THUCAI) and growth
(TgAi) temperatures and the magnitude of recalescence (ATRec) (Figure 5.24). For boron
concentrations up to 200ppm, an undercooling of ~ 2°C is registered but approaches zero
and remains zero for all other additions above ~200ppm. It has to be emphasized that small
changes in the chemical composition of the alloy have considerable effects on the critical
points and should not vary too much, e.g. each 0.1 %Si causes about ~0.7°C variation in the
liquidus temperature, if the results to be compared with one another..
3t is evident from Figure 5.24 that by boron addition the nucleation temperature of
primary a-A3 is increased by ~7°C while the growth temperature raised by only ~ 2°C;
which means that the rate at which the nucleation temperature increases is higher. This is
equivalent to more nuclei generation with less capacity for growth which leads to more
equiaxed structure since the inter-nuclei spacing is reduced and the number of heat sinks
increased almost everywhere in the melt to encourage multidirectional heat flow. This is
one of the basic criteria for a refiner to be rated as efficient.
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Figure 5.24: Effect of boron addition on the:
a-Al nucleation and growth temperatures, (b) ATReciundercoolmg)
5.2.2.1.2 Structural analysis
Figure 5.25 shows the microstructural evolution by addition of boron to the alloy.
As seen, the microstructure in the grain refined sample is quite different from that of the
non-grain refined. Grain refinement efficiency means that there are sufficient active
nucleants to encourage the formation of smaller grains. At the beginning of solidification, if
the mean distance between the nucleants/nuclei would be small, the resulting grains grow
slowly due to limited transport of heat. In addition, each nucleus could act as heat sink for
others to impose a localized multi-directional heat flow within the meit. Consequently this
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should lead to globular grain structure. This is the case for boron grain refinement, where
an equiaxed structure is formed with boron concentration in excess of 200ppm.
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Figure 5.25: Optical micrographs to show the effect of boron addition
in the conventional process: (a) without addition, (b) with 254ppm B addition
The presence of agglomerated intermetallic particles is the main shortcoming of
higher boron level. Figure 5.26 shows the segregated boron based intermetallics having
different sizes depending on the boron content. The segregation of large agglomeration is
partly due to the nature of the master alloy where as mentioned before the AIB12 particles
are not distributed well within the master alloy and there are different sizes of particle
agglomeration as well. This is exaggerated by the low solubility of AIB12 in the melt at the
working temperature.
Y
(a) (b)
Figure 5.26: Optical micrographs to show intermetallics agglomeration for:
(a) 717ppm ,(b) 1265ppm boron addition
167
One of the main requirements for an efficient grain refiner is its small disregistry
with the aluminum matrix and the lesser the disregistry, the better is the results. According
to the data given in appendix A, the measured disregistry between AIB12 and the a-Al
matrix is 151% and therefore it is rather unlikely for them to act as nucleants in the system.
So, the question may arise as why and how the improved refinement efficiency of this
master alloy around 200ppm B could have resulted. It is believed that the enhanced
refinement efficiency is coming from the following sources;
ÎÎ The presence of AIB2 particles within the master alloy
M Dissolved boron in the alloy
U Transformation of AÎB n to AÎB2
By examining the master alloy structure more closely, it is clear that there are AIB2
particles in the matrix hidden amongst the AIB12 agglomerates as shown in Figure 5.27a
where another master alloy with mainly AIB2 particles is shown to highlight this point
(Figure 5.27b). It is believed that these particles play fundamental role on improving the
refining efficiency of the master alloy.
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(a) (b)
Figure 5.27: AIB2 particles in different master alloys:
(a) A14B, waffle form, (b) A15B, rod form (arrows show the AIB2 particles)
Figure 5.28 shows the solubility limit of B in the melt at different temperatures. At
7G0°C, there is -0.05% boron in the solution and this amount is quite enough to react with
aluminum from the melt and form indigenous nucleants. Further, as it was shown in Figure
5.3, the majority of the boride particles in this master alloy are AIB12. The aluminum rich
side of the B-added A356 alloy phase diagram (Figure 5.28) shows that AIB12 transforms to
AIB2 at 975°C and moreover is only stable at B concentrations in excess of -0.5%.
However since there are localized agglomerations of AlBi? particles, it is logical to assume
that the boron concentration is much higher locally than the nominally added value. As a
result and according to the phase diagram, it is possible to have some degree of
transformation of AÎB12 to AIB2, with the newly formed AIB2 acting as nucleation sites for
primary a-Al. In addition, there is a fourth possibility for this master alloy to be an efficient
grain refiner and that is the dissolved Ti in the alloy and its high affinity for B to partially
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transform the AIB12/ AIB2 particles to complex compound of AlTiB, suitable for acting as
nucleation site for the primary a-Al.
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Figure 5.28: ThermoCalc calculation of iso-pleth for A17SilMg versus B
5.2.2.2 Semi-solid processing
5.2.2.2.1 Structural analysis
The optical micrographs in Figure 5.29 show the effect of boron on the primary a-
Al phase. With increasing the percentage of boron, the structure is not only refined but also
the globularity of a-Al particles increased. In addition, better distribution of the eutectic
regions due to inoculation improves gliding, rolling over, of the primary particles during
injection of the billet into the mold.
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Figure 5.29: Microstructural variation due to different boron levels:
(a) without addition, (b)63ppm, (c) 254ppm, (d) 803ppm, and (e)1265ppm B
As mentioned earlier by refiner addition nucleation temperature of a-Al particles
increases significantly. By increasing the nucleation temperature, it would be expected that
solidification range of the system also increases. Figure 5.30 demonstrates the variations of
the two distinct solidification ranges of primary a-Al (ATa), and eutectic (ATeut) for the
A356 alloy with boron. By boron addition, ATO increases by nearly 6-8°C with ~200ppm
boron and remains almost constant up to 1200ppm. This is in contradiction with
ThermoCalc prediction seen in Figure 5.22 where liquidus temperature increases by nearly
50°C when boron concentration increases from 200 to 300ppm.
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Figure 5.30: Effect of boron on the solidification range of various phases
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This is expected since the phase diagram in Figure 5.22 is based on pure boron
addition while in the current study, aluminum boron rich particles are introduced to the
melt. Since these particles are stable and have almost no solubility at this temperature,
therefore only act as nucleant not interfering on the thermodynamic of mixing of AlSiB as
is the basis for the ThermoCalc prediction. It is also worth noting that boron influences the
ATa not
The main drawback here is the agglomeration of the boride compounds with
increasing B content beyond 230ppm as shown in Figures 5.31 and 5.32. The x-ray maps
and microprobe analyses (Table 5.7) confirm the segregation of AIB12 particles. Another
interesting feature is the formation of Ti-based compounds which are dispersed around the
AIB12 agglomerates. As it was shown in Table 5.6, Ti concentration is at trace level in the
base alloy but has significant effect on the formation of Ti-based intermetallics. It is
proposed that by boron addition to the melt and due to the high affinity of Ti for B, these
elements react and form AlTiB compounds which after a short time transform to stable
TÍB2 compound. These T1B2 particles appear in an area with high concentration of boron
such as AIB12 boundaries. X-ray maps in Figure 5.32e&f support the aforementioned
hypothesis.
.vT yy
(a) (b)
Figure 5.31: Boron based intermeíallics in two different SEED samples:
(a) 226ppm and (b) 717ppm boron addition
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(d) (e)
Figure 5.32: Results of electron probe microanalysis (EPMA):
(a) back scattered electron micrographs for intermetallic particles formed due to B
addition and x-ray maps of:
(b) AI, (c) Si, (d) Ti, and (e) B map (SEED sample with 803ppm B)
174
Table 5.7: Microprobe analysis of the agglomerations (at. %)
A!
7.305
7.65
B
92.68
92.31
Ti
0
0.002
Si
0
0.009
Mg
0.01
0.02
Sr
0.001
0
Fe
0
0
One of the most complicated issues to analyze refinement treatment is the nucleant
compounds. Finding these types of nucleants is a prolonged process which directly relates
to the sectioning of the samples. Figure 5.34 shows a nucleant in the B-refined billet.
Microprobe analysis was impossible due to the size of this particle but x-ray maps of the
nucleant confirms its AlB stoichiometry and knowing the inability of AlB 12 to act as a
nucleant, it may be true to conclude this particle being AIB2.
(a) (b)
Figure 5.33: Optical micrographs to show a boride based nucleus in the center of an
ot-Al rosette in the alloy with 254ppm boron
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(d) (e)
Figure 5.34: (a) Backscaîered micrographs of the nuclei in the sample with 803ppm B,
and x-ray maps of: (b) Ai, (c) Si, (d) Ti, and (e) B
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5.2.2.2.2 Image analysis
The results of the quantitative metallography are illustrated in Figure 5.35, The
percentage of primary ct-Al increased slightly with boron. This is due the higher number of
effective nuclei and shifting the onset of nucleation to higher temperature as discussed in
detail before.
In contrast to A15TÜB addition, boron proved to be more efficient and this
efficiency is seen in more globule size reduction and sharp increase in the number of a-Al
particles per unit area, i.e., density. The reduction of A/P and percentage of a-Al particles
having aspect ratio >2 do also confirm the formation of smaller and rounder primary
particles.
With addition of boron, the amount of drainage increased. The formations of liquid
droplets during transferring of billet were also an indication of more fluidity compare to the
non-grain refined samples.
As discussed earlier, an effective grain refiner results in the morphological evolution
of the primary phases during solidification; the dendritic and columnar structures transform
to rosette and equiaxed morphologies in conventional casting and increasing the number of
globules and globuiarity factor in rheocasting. This evolution causes a late coherency point.
An early coherency point is related to a highly branched structure with the dendrites
interconnected; while a late coherency point indicates that there exists more globular
structure and there are small interconnections between them. As a result, with addition of
boron grain refiner, the fluidity1 increases up to around 226ppm, while after that, it is
approaching a certain state and has small decrease due to the agglomerated particles. This
phenomenon probably is related to increase of B-based intermetallics with increasing the
amount of grain refiner. This is in accordance with the pervious findings [75-77] where the
addition of grain refiner increased the flowability of the liquid.
1
 The term fluidity employed here does not have the same meaning as the traditional definition. It is defined
as the greater volume of alloy flowing out of the billet during the drainage stage.
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Figure 5.35: Image analysis parameters for A356 with boron addition (a) a-AI
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(d) area/perimeter, (e) percentage of a-Al particles having aspect ratio >2,
and (f) drainage as a process parameter
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Figure 5.36a shows the percentage of the particles with sphericity greater than 0.8.
The greater the sphericity, the more globular the primary a-Al particles are in the structure.
Figure 5.36b compares statistical significance of sphericity for A356 alloy with and without
B-addition. With grain refining, cumulative data is more concentrated on larger values of
sphericity, i.e., near 1.
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5.2.3 Addition of boron in the form of AIB2 with A15B
Addition of boron in the form of A1-5%B master alloy to the A356 alloy (without Ti
in solution) was investigated. Due to the previous results from A14%B master alloy, higher
additional rates were not attempted. The experimental procedure was described in chapter
4. The chemical compositions are listed in Table 5.8.
Table 5.8: Chemical analysis of the base alloy (wt. %)
Si
6.5-6.7 0.36-0.4
Fe
Max
0.07
Mn
Max
0.003
Cu
Max
0.001
Ti
Max
0.0057
B
Nil
Sr
Nil
AI
bai.
5.2.3.1 Conventional casting
5.2.3.1.1 Thermal analysis
The effect of A15B grain refiner addition to the alloy on the early stage of
solidification is illustrated in Figure 5.37. One representative center thermocouple was
selected for each experiment. As shown, small addition of boron has a remarkable effect on
the solidification of the alloy. The growth temperature is raised about ~2°C by adding
159ppm boron and beyond that it remains relatively constant. Furthermore, the addition of
boron eliminates the undercooling and recalescence resulting in continuous temperature
reduction after nucleation. From a thermal analysis point of view, the critical boron content
for this alloy seems to be more than 159ppm boron but higher values should be treated
cautiously due to the agglomeration and formation of insoluble boride particles.
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Figure 5.37: The onset of solidification at the center of cups having different
concentrations of boron (with A15B master alloy addition)
For each sample, the nucleation (TnucAi), growth (TgAi), and recalescence (ATRec)
temperatures were calculated and plotted in Figure 5.38. For boron content up to 200ppm,
an undercooling of ~ 2°C exists however approaches and remains zero for all other
additional levels. The nucleation temperature increases by ~7°C while the growth
temperature increases by ~3°C (Figure 5.38a). As it is evident, the rate of the nucleation
temperature ascending is higher than the growth temperature. However, the difference
between these two temperatures widens with more boron additions.
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Figure 5.38: Effect of boron addition on the:
(a) nucleation and growth temperatures of primary ct-Al, (b) ATRecCundercooling)
5.2.3.1.2 Structural analysis
Figure 5.39 shows the microstructural evolution of the alloy due to the addition of
boron. As it could be seen, the microstructure of the refined sample is quite different from
the non-refined one. Such transition may be attributed to the higher density of nucleants
due to the refiner addition as explained below. When there is a high density of nuclei
growing in the melt the boundary layers around each respective nucleus may interfere with
each other which eventually restrict the particle growth and also by assuming the spherical
boundary layer, the outcome would be fine rosette or spherical particles.
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(a)
 (b)
Figure 5.39: The effect of boron level on the microstructure:
(a) without addition, (b) 225ppm B
The presence of intermetallic particles is an indication of over addition of boron to
the melt as shown in Figure 5.40. As the boron concentration increases, not all the boride
particles could act as nucleation sites for aluminum. Furthermore, the limited solubility of
these particles in a-Al may lead to the formation of agglomerates within the matrix. This is
clearly indicated in Figure 5.40 where boron concentration is in excess of optimum value
around 200-250ppm boron. By ThermoCalc calculation, it becomes clear that boron
solubility limits are 0.048% and 0.027% at 700, 650°C respectively and it becomes less
than 0.0018% after eutectic reaction.
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Figure 5.40: Optical micrographs showing agglomerated AIB2 particles for boron
additions of: (a) 329ppm, and (b) 356ppm boron addition
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5.2.3.2 Semi-solid processing
5.2.3.2.1 Structural analysis
The optical micrographs in Figure 5.41 show the effect of boron on the primary a-
Al phase. As it could be seen, there is no entrapped eutectic within the a-Al primary
particles and the samples have been refined and even have better globularity with boron
addition. The drawback here is the formation/agglomeration of boron based intermetallics
compound with increasing boron content beyond 3Q0ppm as it is shown in Figure 5.42 and
5.43. Microprobe analysis confirmed that these particles are AIB2 (Table 5.9).
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Figure 5.41: Óptica! micrographs to show the additional effects in the SEED process:
(a) without addition, (b)82ppm. (c) 159ppm, (d) 225ppm, and (e)329ppm B
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Figure 5.43: (a) back scattered electron micrograph showing the agglomration of boride
particles and x-ray maps for:
(b) Al, (c) Si, (d) Ti, and (e) B map (SEED sample with 329ppm B)
Table 5.9: Atomic percentages of agglomerations by microprobe analysis
AI
29.11
30.40
B
68.40
69.53
Ti
0
0.01
Si
0.012
0
Mg
2.47
0.06
Sr
0
0
Fe
0
0
The concurrent presence of liquid and primary solid particles is the principal
requirement for SSM processing. As it was described earlier, in addition to the temperature
sensitivity of the solid fraction and the SSM temperature process window, partitioning of
the solidification range is essential. Figure 5.44 shows the influence of boron on the
solidification range. Comparing different solidification ranges for A3 5 6 alloy with boron
addition, it is obvious that there are changes in ot-Al solidification range (ATa) which
increase with boron addition up to 20Qppm and remains almost constant afterwards. For
eutectic solidification range, it appears that there is a slight reducing trend with increasing
boron. However it is believed that such decreasing trend may be attributed to the
experimental errors and the results are supported by other cases which are reported in
Figures 5.18 and 5.30.
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Fundamentally, refiners should act as nucleants for primary particles formation.
Identification of nucleants in the as-cast billets is time consuming since the detection
probability depends on the polished surface and whether it intersects the nucleant or not.
Figure 5.45 shows the optical micrographs of a nucleant and Figure 5.46 shows another
nucleant which has been characterized by the backscattered electron micrograph and the x-
ray maps of the particle. From Table 5.10 it becomes clear that the nucleant has a
stoichiometry close to AIB2.
(a) (b)
Figure 5.45: An A1B2 nucleant in the center of an a-Al particle (329ppm boron)
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(d) (e)
Figure 5.46: (a) Backscatered micrographs of the nucleus in sample with 329ppm B;
and x-ray maps of (b) Al, (c) Si, (d) Ti, and (e) B
Table 5.
Af
27.21
10: Atomic percentages of nucleus by microprobe
B
61.59
r
 Ti
0.07
Si Mg
0.105 | 11.017
Sr
0
analysis
Fe
0
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5.2.3.2.2 Image analysis
In order to folly characterize the microstructure of semi-solid slugs, it is necessary
to quantify the percentage, size, shape, and morphology of primary particles. For this
purpose, image analysis was employed and Figure 5.47 and 5.48 illustrate the results.
Increasing the percentage of primary a-Al is noticeable since not only numerous
nucleation sites are injected into the system but also liquidus line is shifted to higher
temperatures. Increasing the number of globules in a unit area and decreasing the average
circular diameter, A/P ratio, and percentage of a-Al particles having aspect ratio >2, all
confirm that globule size is reduced.
As it was discussed earlier, an effective grain refiner causes the morphological
evolution during solidification from dendritic and columnar to rosette and equiaxed growth
in conventional casting, and increasing the number of globules and globularity factor in
rheocasting. This evolution causes a late coherency point. An early coherency point is
related to a branched structure and all the dendrites interconnected easily; while a late
coherency point indicates that there exists more globular structure and there are less
interconnections between them. So, with addition of boron grain refiner, the fluidity
increases up to around 2O0pptn, while after that, it is approaching a constant value and has
small decrease. This phenomenon probably is related to increase of B-based intermetallics
with increasing the amount of grain refiner. This is in accordance with the previous
findings [75-77] where the addition of grain refiner increased the flowability of the liquid.
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Figure 5.47: Quantitative metallography for A356 with boron addition (A15B):
(a) primary a-Al percentage (b) circular diameter, (c) number density of a-Al particles,
(d) area/perimeter ratio, (e) percentage of a-A3 particles having aspect ratio >2. and
(f) drainage as a process parameter
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Figure 5.48a shows the percentage of the particles with sphericity greater than 0.8.
The more the sphericity, the more globular particles are in the structure. Figure 5.48b
compares statistical significance of sphericity. With grain refining, data is more
concentrated on larger values of sphericity, i.e., near 1. As it will be shown in rheological
experiments, chapter 8, this parameter has a great influence on the flowability of slurries.
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Figure 5.48: (a) Variation of sphericity percentage with boron addition (AI5B),
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5.3 Grain refining in Commercial 356 alloy
5.3.1 Addition of titanium & boron with A15TÎ1B
The objective of these series of tests was to understand the effect of refiner addition
to what is usually employed in the foundries as commercial alloy. As per ASTM standard
[188], commercial 356 contains maximum 0.25%Ti. The added Ti has two advantages:
first, as a refiner, it could act as nucleation sites for primary a-Al and secondly as a solute
element in aluminum, it has the uppermost growth restriction factor (GRF) in suppressing
the grain growth. The experimental procedure is exactly the same as described in chapter 4.
The chemical composition of the base alloy is listed in Table 5.11.
Si
6.8-6.9
Table
Mg
0.33-0.35
5.11 : Chemical analysis of the base alloy (wt.
Fe
Max
0.09
Mn
Max 0.002
Cu
Max
0.002
Ti
0.13-
0.131
%)
B
Nil
Sr
Nil
Al
bal.
5.3.1.1 Conventional casting
5.3.1.1.1 Thermal analysis
Figure 5.49 illustrates the influence of inoculation on the early stages of commercial
356 alloy solidification. As mentioned, these series of 356 alloys originally contain Ti in
solution before addition of the refiner. With this amount of Ti in solution before any
addition, liquidus temperature shifts up according to the pseudo-binary phase diagram of
A17SilMg versus Ti (Figure 5.8) and it is identifiable by comparing the cooling curves of
A356 and Com356 where in the commercial alloy the commencement of solidification is
already shifted up.
Figure 5.50 shows the two most important TA parameters for a-Al formation. By Ti
addition, a-Al nucleation temperature increases as it was reported earlier. By comparing the
results with these of A356 alloy, the liquidus temperature of the base alloy is slightly higher
than that for A356 alloy; where TnucAi is about 617°C for base alloy and 615°C for the
A356 (Figure 5.50a). Another interesting conclusion is coming from the comparison
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between Figure 5.50a and 5.9a. As seen, it seems that addition of grain refiner is not as
effective as what is seen in A356 alloy. This is due to the effect of dissolved Ti already
present in the as-received commercial alloy and therefore the added Ti is less effective than
the one added to Ti-free A3 5 6 alloy.
The Hquidus portion of the cooling curves in Figure 5.49 and the calculated
recalescence values show that the recalescence temperature decreases with Ti and B
addition reaching to less than -0.5°C after about 300ppm (Figure 5.50b). Thus according to
the concept of grain refining efficiency, the optimum concentration of grain refiner is
around 300ppm Ti, since greater values may result in segregation of Ti-based intermetallics
as will be discussed later.
612
Com356
Figure 5.49: The early stages of solidification (cooling curves) for commercial 356
alloys with refîner addition (numbers are just additional Ti&B)
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Figure 5.50: Effect of Ti and B additional rate on the: (a) primary ot-Al nucleation and
growth temperatures, (b) recalescence temperature range
5.3.1.1.2 Structural analysis
Figure 5.51 shows the microstmctural evolution by addition of Ti & B to the alloy
(dark areas are porosities). As it could be seen, the morphology of primary a-AÎ particles
changes from dendrites to the desirable rosette with higher amount of Ti & B addition.
Although greater values of the refiner causes enhanced morphological changes in a-AI
particles, over refining addition may be detrimental due to segregation of Ti-based
interrnetallics in the eutectic region.
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Figure 5.51: Optical micrographs showing the refiner addition:
(a) without addition, (b) 300ppm Ti, 53ppm B
As shown in Figure 5.51, addition of Ti leads to the morphological evolution of
primary particles from dendritic to equiaxed structure. This evolution has a great advantage
to the as-cast structure but it should be considered that with higher addition, it is more
possibility to have Ti-based intermetallics in the eutectic region. As it was shown in table
5.11, the original alloy contained ~0.13%Ti. By looking at the phase diagram of Al-Ti
(Figure 2.19) or the iso-pleth of A17SilMg (Figure 5.8), it is apparent that the peritectic
reaction occurs at 0.12%Ti and as a result greater addition of Ti by means of refiner could
cause the formation of AI3TÍ particles or kinetically lowers the dissolution rate of these
particles into the melt. Therefore, the presence of intermetallic particles is an indication of
increasing the Ti content beyond its optimum value. Figure 5.52 shows Ti-based
intermetallics with two different sizes with more addition of Ti & B.
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Figure 5.52: Optical micrographs showing Ti-based intermetallics:
(a) 0.153%Ti, 0.0087%B and (b) 0.184%Ti, 0.0132%B
(percentage is total Ti and B levels in the alloy, not the addition)
5.3.1.2 Semi-solid processing
5.3.1.2.1 Structural analysis
The optical micrographs in Figure 5.53 give an overall view of the effect of Ti&B
on the primary a-Al phase. The microstructure is refined with increasing the percentage of
Ti&B and the degree of globularity of a-Al particles has improved. This is obvious by
comparing the first and the last micrographs, Figure 5.53a&d. The added bonus is an
increase in the a-Al percentage in the refined alloy associated with the greater number of
nucleation sites and higher nucleation temperature of the primary phase.
(a)
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Figure 5.53: Microstructural changes associated to refiner addition in the quenched
SEED billets: (a) without addition, (b) 35Oppm Ti, 19ppm B,
(c) 300ppm Ti, 53ppm B, and (d) 540ppm Ti, Î32ppm B
Two distinct parts of the solidification range is shown in Figure 5.54. The primary
cx-Al solidification range, and that of the eutectic reactions, ATa and ATeut. have the same
trend as the previous results, e.g. Figure 5.18. The a-Al solidification range increases by
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refiner addition but the eutectic solidification range is approximately constant. The
increasing rate here is slightly less than that found for A3 5 6 alloy, maximum 4°C.
o
100 200 300 400
Ti-addiiion (PPM)
500 600
Figure 5.54: Variation of solidification ranges due to the Ti and B addition
By looking for the nucleation sites of a-Al particles, Figure 5.55 and 5.56, it was
specified that this nucleant is not a compound of Ti and B but it is a compound of AlTiSi.
This could be a proof that nucleation sites may be a combination of Al,Ti,B, and Si
elements.
(a) (b)
Figure 5.55: Optical micrographs showing the presence of nucleant at the center of an
a-Al particle, with 0.16%Ti, 0.0053%B addition
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(d) (e)
Figure 5.56: Backscatered electron micrographs of the nucleaus in billet treated with
540ppm Ti and 132ppm B (a) and x-ray maps of (b) A3, (c) Si, (d) Ti, and (e) B
The drawback however is the segregation and agglomeration of Ti based
intermetaliic compounds with increasing Ti content beyond 500ppm as illustrated in Figure
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5.57 and 5.58. The microprobe results (Table 5.12), confirm the stoichiometry of these
large particles as AI5TÍ2SÍ. By looking at the x-ray maps of Ti and B in Figure 5.58, it is
proposed that the small clusters of particles attached to the large Ti-based intermetallics are
TÍB2 although the point chemical analysis is impossible because of their small sizes and
limit of detection. The TÍB2 particles which are shown by the arrows in Figure 5.57
probably coming directly from the master alloy where they could not act as effective
nucleants.
Figure 5.57: Optical micrographs showing the formation of Ti based intermetallics in
the SEED billets with: (a) 0.153%Ti, 0.0087%B , (b) 0.184%Ti, 0.0132%B
(arrows show clusters of T1B2)
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Figure 5.58: (a) Back scattered electron micrographs of the intermetallic particles
formed due to Ti and B addition, together with x-ray maps (b) Al, (c) Si, (d) Ti, and
(e) B maps (SEED cast biilets with 540ppm Ti and 132ppm B)
(arrow shows a large cluster of T1B2)
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Table 5.12: Atomic percentage of the titanium compounds
Al
62.40
62.11
B
0
1.85
Ti
25.02
24.91
Si
12.57
11.12
Mg
0
0
Sr
0
0.008
Fe
0
0
5.3.1.2.2 Image analysis
The data obtained by image processing is shown in Figure 5.59. By refiner addition
the percentages of primary particles appear to have increased slightly. This is attributed to
expanding of a-Al solidification range by refiner addition and greater number of nucleants.
Furthermore, more nucleation possibilities may restrict growth to render finer primary a-Al
particles. This is evident when the average circular diameter of globules is plotted against
Ti addition, Figure 5.59b where there is a decreasing trend in particle size with increasing
Ti%. This is further supported by particle counts, number density which also increased, i.e.
finer particles. The overall particle size is less than IQOum. There is not much variation in
the A/P factor but the percentage of a-Al particles with aspect ratio greater than 2 decreases
which confirm more globularity.
As it was discussed previously, drainage may be regarded as an indication of
fluidity and by A15TÍ1B addition, the amount of drainage decreased. It is believed that the
main reason is the formation of Ti-based intermetallics with additions in excess of- 0.1%.
On cooling and also due to non-equilibrium solidification condition more complex
intermetallics such as AI5TÍ2SÍ could form to block the flow of the remaining liquid during
drainage (Figure 5.59Í).
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Figure 5.59: (a-e) Quantitative metallography for Com356, and (f) drainage as a process
parameter
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Figure 5.60 confirms that addition of Ti to the commercial 356 alloy does not alter
the globularity of <x-Al particles as much as those for A356 and the sphericity numbers are
almost the same before and after the addition. As a conclusion it should be mentioned that
in commercial alloy, the effect of refiner addition is masked by the GRF factor which
associated to the Ti in solution and image analysis almost have the same results obtained
before and after the treatment and this confirms the benefits of commercial alloy which is
used in the majority of the casting plants.
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Figure 5.60: (a) Variation of sphericity percentage with refiner addition,
(b) categorized sphericity data without Ti and with 300ppm Ti & 57ppm B
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CHAPTER 6
RESULTS AND DISCUSSION - MODIFICATION
6.1 Master alloy specification
6.1.1 AllOSr
The optical (Figure 6.1) and backscattered electron micrographs (Figures 6.2)
together with the associated x-ray maps show the microstructure of the commercially
produced master alloy. As it is evident, the structure of Al-10Sr master alloy consists of
blocky Sr-rich particles, Figure 6.2 - Sr map, distributed within Al matrix. The average
particle size is about 16 ± 8 |am and the chemical composition, given in Table 6.1, suggests
the AUSr stoichiometry.
50 M
Figure 6.1: Optical micrographs taken from transverse section of the AllOSr master
alloy
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Ai x-ray map Sr x-ray map
Figure 6.2: Back scattered electron micrograph together with x-ray maps for AllOSr
master alloy
Table 6,1: Chemical analysis of the intermetallic particles in the A110%Sr (at. %)
AI
79.53
80.18
B
0.69
0.23
Ti
0
0
Si
0
0
Mg
0
0
Sr
19.77
19.59
Fe
0
0
6.2 Modification in A17%Si alloy
The purpose of these series of tests is to investigate the effect of Sr-modification on
the binary Al7%Si since in commercial alloys, size and compactness of eutectic silicon
would be different to that of the binary system. Furthermore, the presence of alloying
elements and minor/trace elements may overshadow the effect of Sr as will be described in
section 6.3. The initial chemical compositions are listed in Table 6.2.
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Table 6.2: Initial chemical composition (wt. %)
Modified
Si
7.0-7.3
Mg
Nil
Fe
Max
0.09
Mn
Nil
Cu
Nil
Ti
Nil
B
Nil
P
Max
0.0003
Sr
Nil
Al
bal.
6.2.1 Conventional casting
6.2.1.1 Thermal analysis
The effect of AllOSr modifier addition on the eutectic reaction is illustrated in
Figure 6.3 for a selection of samples. One central thermocouple was selected for each
experiment. Small addition of strontium has a considerable effect on the eutectic plateau of
the alloy where the eutectic temperature decreased by ~3°C by adding just 54ppm Sr.
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Figure 6.3: Eutectic plateau of the central thermocouples for different Sr-level
For each sample, the nucleation and maximum temperatures of eutectic (Tmineut,
and eutectic recalescence variation (A0) were measured on the cooling curves
(Figure 6.4). As seen in Figure 6.4a, nucleation temperature of the eutectic, Tnucedt,
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decreases to a minimum level around 50-100 ppm and increases slightly ~200-300 ppm
before becoming constant at ~574°C, for higher Sr addition. The same trend is also
observed for the eutectic maximum temperature, Tmaxeut- Eutectic recalescence (A0) also
increases to a maximum value and then decreases with further Sr addition (Figure 6.4b).
There is a direct relationship between the nucleation temperature and the number of
potent nuclei in the melt. The rise in the nucleation temperature increases the number of
potent nuclei and therefore reduces the barrier for the eutectic reaction commencement. As
it was proved [189,190], A1P and iron particles are the most appropriate sites for silicon
nucleation. By modification, the majority of such sites are deactivated and as a result, the
nucleation temperature drops, i.e., the barrier for nucleation is interfered and the density of
eutectic silicon nucleation decreases. This is shown in Figure 6.4b where recalescence
explains the barrier for nucleation and the more the recalescence, the more is the obstacle to
the nucleation, harder to nucleate. The lack of adequate nucleation sites for silicon is
compensated during silicon growth where branching enables Si to keep up with Al. This is
the origin for flake to fibrous transformation.
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Figure 6.4: Effect of Sr addition on the: (a) Tnuceut, Tmaxeut, (b) A0
6.2.1.2 Structural analysis
The effect of changing the amount of Sr in the alloy on the morphology of the
primary a-Al phase and the eutectic structure is shown in Figure 6.5. The microstructure in
the modified samples is quite different from the non-modified one. In the non-modified
samples, silicon plates up to 130pm long could be detected in the structure and the
boundaries of primary a-Al cells are not clear in the solidified alloy. By addition of Sr,
silicon morphology changed from coarse acicular and lamellar to the fibrous. In the
commercial binary alloy, small amount of the modifier has a great influence on the
structure and so the intermediate procedures, i.e., lamellar and partially modified structures
were almost omitted.
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Figure 6.5: Optical micrographs showing the effect of Sr addition on the conventionally
cast A17%Si: (a) without Sr, (b) 54ppm Sr
It is interesting to note that simultaneous to the morphological evolution of eutectic
silicon particles from acicular to fibrous structure, the amount and morphology of the
primary a-Al phase changes too. Comparing Figure 6.5a and b, it is shown quite clearly
that in the unmodified alloy, there is no special orientation of primary a-Al and they grow
randomly. With increasing the Sr content, the solidification behavior of the a-Al particles
changed and it becomes fully columnar. It seems that Sr changes the solidification mode of
the alloy. As a proof for this observation, by using electron backscattered diffraction
(EBSD) method, it was reported that there was no orientational differences between the
primary a-Al phase and eutectic aluminum at the vicinity of the eutectic pools [191].
However, this point is beyond the scope of this research and it needs more investigation.
6.2.1.3 SEM analysis
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Figure 6.6 shows the scanning electron micrographs of the specimens cast in
graphite molds. As it could be seen, without modifier addition, the silicon morphology is
accicular and flakes are quite large even at x500 magnification. With Sr-modification, the
silicon morphology changes to fibrous with a seaweed like appearance. SEM analysis
showed that overmodification causes the formation of complex morphologies where fibrous
Si contains some flake type branches as seen in Figure 6.7.
Figure 6.6: Secondary electron images of the conventionally cast specimens, deep
etched in 10%HF, (a & b) without Sr (c & d) 54ppm Sr
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Figure 6.7: SEM micorgraphs showing the overmodification phenomenon (768ppm Sr)
, deep etched in HF
6.2.2 Semi-solid processing
6.2.2.1 Structural analysis
The optical micrographs in Figure 6.8a&b highlight the distinct morphological
differences of primary a-Al and eutectic silicon morphologies in conventional and SEED
quenched billets (conventional billet is prepared in the same mold without agitation and
drainage). The SEED process appears to be quite effective in transforming the primary a-Al
dendrites into rosette and globular morphologies. Another advantage of the SEED process
is its stirring function. Stirring not only leads to thermal and solutal homogenization but
also by applying forced convection to the remained liquid results in the better fluid flow
and changing the solidification pattern to multidirectional case and therefore this effect
finally directs to enhanced refining of the silicon flakes which will be discussed in section
9.3. It is worth mentioning that this alteration does not mean any modification of eutectic
silicons and stirring only causes smaller flakes in the structure.
Figure 6.9 shows the micrographs of quenched samples with different levels of
strontium. By Sr addition, silicon morphology changes directly from lamellar to fibrous
structure without any intermediate evolution with the added bonus of more spherical
primary particles. As mentioned for conventional cast specimens, effect of
overmodification could easily be detected by coarsening and increasing inter-lamellar/inter-
rod spacing of the eutectic silicon and the formation of Sr-based intermetallic phases. It is
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noticeable from Figure 6.10 that Sr compounds may segregate in two distinct morphologies
of cuboidal and flake/plate. As it will be shown in the next section, microprobe analysis
revealed these particles are A^SiaSr compounds in confirmation of results reported before
[24,96]. These particles were found to form in castings with Sr addition in excess of
390ppm.
As seen in Figure 6.10, the silicon particles in the Sr-modified structures are quite
small which almost makes the quantitative analysis impossible. However optical
microscopy confirms that overmodification occurs in excess of ~2Q0ppm. Therefore it
could be concluded that the optimum additional level of Sr is between 50-200ppm. It is
interesting to note that with modification, the distance between Si particles decreased while
the reverse is true when Sr addition is beyond the optimum level.
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Figure 6.8: Optical micrographs in: (a) conventional and (b) SEED quenched samples,
without Sr (both quenched from 598.5±2.5°C)
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Figure 6.9: Optical micrographs showing the microstructural evolution regarding Sr
addition: (a) 54ppm Sr, (b) 216ppm Sr, (c) 385ppm Sr, (d) 562ppm Sr, and (e) 768ppm
Sr
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Figure 6.10: Optical micrographs showing Sr-based intermetalîic compounds formed in
the SEED processed A17%Si alloy (768ppm Sr): (a) cuboidal, (b) flake/plate
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The importance of mush partitioning was reported in chapter 5 and the effects of
refiner were well described. As mentioned, a-Al solidification range increases with grain
refiner since the onset of a-Al nucleation temperature shifts to higher values. The variation
of solidification ranges with strontium addition is shown in Figure 6.11. There is a
significant rise in the ATa value with strontium addition, i.e. nearly 7.5°C and interestingly
ATeut decreases. Increasing of the ATa is due to the main eutectic reaction shifting down by
Sr addition while decreasing of the ATeut is due to the constant value of total solidification
range.
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Figure 6.11 : Effect of Sr on the solidification range of various phases
6.2.2.2 SEM analysis
Figure 6.12 shows the scanning electron micrographs of the non-modified and
modified SEED samples. The use of deep etched specimens reveals the true morphology of
the silicon particles. The silicon crystals are interconnected plate-fan like structure
appearing to have grown out of numerous nucleation sites; while modified structure
consists of highly branched fibers of silicon. A small number of nucleation sites are
obvious in Figure 6.12c and d which accompanied by bulky fibrous growing from few sites.
From modification stand point, it was shown that highly twined nature of modified silicon
causes bending and branching of silicon crystals and form seaweed like structure in the
modified samples [84,89].
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One of the interesting points of SEM investigation is the difference between the
fibrous structures in quenched billet (Figure 6.12c) and conventionally cast piece (Figure
6.6d). As it could be seen, the fibrous structure in SSM billet is denser and finer comparing
to the conventional cast specimens. The key reason for this alternation is the quenching
procedure which was applied at the last stage of SSM processing and the other one is
attributed to the force convection flow. Furthermore if Figures 6.12c&d are compared with
6.12e&f, it is clear that the distance between silicon fibers in modified samples is lesser
than overmodified samples. This conclusion is in line with optical micrographs and image
results.
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Figure 6.12: SEM micrographs of:
(a) Conventional cast, without Sr, (b) SEED, without Sr, (c) SEED, 54ppm Sr, (d)
SEED, 216ppm Sr, (e) SEED, 562ppm Sr, and (f) SEED 768ppm Sr
6.2.2.3 Image analysis
Results from image processing of SSM microstructures are shown in Figure 6.13.
As discussed earlier, the silicon particles are so small that they could not be analyzed by the
image system and thus only the results for the primary a-Al particles are given here. By
addition of Sr, primary a-Al percentage increases slightly. As reported before [89,192],
with Sr addition, the eutectic line is pushed downward and to the right to increase the
freezing range of a-Al primary phase. This should render the a-Al percentage which could
be confirmed with lever rule calculation.
Circular diameter of primary a-Al particles increases slightly with Sr addition. It is
interesting to note that with increasing Sr concentration, the primary a-Al percentage is
increased while the number density is approximately constant. Therefore, the equivalent
circular diameter should increase to have always the balance between all the equations.
The amount of drainage increased with Sr about 216 ppm and it confirmed Sr ability
to increase the flow of the remained liquid in the billet [75]. From dendrite coherency point
of view, with Sr addition, solid fraction at the coherency point increases to induce less
restriction toward the movement of the remaining liquid. In other words, modification
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suppresses the DCP and consequently causes better flowability [193]. However, higher
addition of Sr decreases the drainage for the reason of Sr-based intermetallic formation.
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Figure 6.13: (a-c) Quantitative results for A17%Si with Sr addition, and (f) drainage
percentage
The sphericity values are presented in Figure 6.14. By modification, the sphericity
of primary a-Al globules increases and this variation may be easily verified by distribution
graph which shows greater values for particles having sphericity number closer to one i.e.,
more spherical particles.
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6.3 Modification in A356 alloy
These series of tests were done by addition of A110%Sr as a modifier. All the
experimental procedure is exactly as same as what was described in chapter 4. The base
compositions are listed in Table 6.3.
Table 6.3: Chemical analysis of the base alloy (wt. %)
Si
6.62-6.81
Mg
0.36-0.4
Fe
Max 0.08
Mn
MaxO.003
Cu
Ni!
Ti
Max
0.0058
B
Nil
P
Max
0.0003
Sr
Nil
A;
bal.
6.3.1 Conventional casting
6.3.1.1 Thermal analysis
Figure 6.15 shows the eutectic segment of the cooling curves for a selection of
samples after Sr addition. The addition of small percentage of strontium, 47ppm, has
depressed the eutectic plateau by as much as nearly 6°C. After the initial sharp drop in the
eutectic temperature, further increase in the modifier concentration could only lift up the
eutectic temperature slightly (~2°C).
Figure 6.16 illustrates the changes in the cooling curve parameters due to the Sr
addition. The eutectic nucleation temperature, Tnuceut, decreased to its minimum value at
about 50-100ppm Sr and increased slightly before becoming constant at Sr concentrations
of about 300ppm and more. A similar trend is observed for the eutectic maximum
temperature, Tmaxeut, Figure 6.16a.
Eutectic recalescence (Figure 6.16b) also increased to its maximum value at about
50-100 ppm Sr and decreased slightly before becoming constant with further addition of Sr.
These are indications of greater barriers for eutectic nucleation due to Sr addition. The
reduction in eutectic temperature and the fact that the alloy liquidus remained unchanged
have caused the primary a-Al solidification range to increase as clearly shown in Figure
6.17. it is therefore anticipated to have an increase in the percentage of primary a-Al phase
as will be discussed later. From SSM point of view, the primary a-Al solidification range is
of great importance since an expanded a-Al solidification range improves the likelihood of
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having more globular semi-solid slurries and gives a wider working temperature with lower
sensitivity to temperature variation. However, the larger the mushy zone, the greater is the
risk of hot tearing and porosity formation in the cast product, but this may be compensated
when the SSM billets are shaped under adequate external pressure.
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Figure 6.15: The eutectic segment of the cooling curves taken from the thermocouples
at the center of graphite cups
Eutectic nucieation temperature (Figure 6.16a) has a direct effect on the number of
potential nuclei found in the melt. In other words, there are fewer barriers for nucieation
with increasing nucieation temperature and thus greater number of isolated eutectic Si
particles may form, i.e. this is the case for flake morphology. The highest value for eutectic
nucieation temperature before modification may be attributed to the trace phosphorus and
iron contents in the alloy used in this study. As confirmed before [189,190], A1P particles
and iron compounds are favorite nucleation sites for silicon. Nafisi et al. [192] reported
both liquidus and eutectic temperatures increase with addition of phosphorus to the Al-Si
eutectic alloy. With modifier such as Sr, such potential nucieation sites are deactivated by
224
fewer nucleation sites and consequently nucleation barrier increases and as a result the
nucleation temperature decreases. The variation of eutectic recalescence (AG), Figure
6.16b, shows that small Sr addition (47ppm) resulting in an increase of AG up to ~ 2°C.
This is a nucleation barrier equivalent to having a reduction in the number of active
nucleation sites which forces Si to branch out to form a three dimensional interconnected
morphology, fibrous, to keep up with the growing aluminum phase.
Furthermore from growth point of view, Sr is reported to poison the re-entrant edge
growth steps in silicon crystals [84,85], thus deactivating the "TPRE" (Twin Plane Re-
entrant Edge) growth. Consequently, due to interruption in the effective growth mechanism
for Si, high degree of AG is needed to drive an alternative growth mechanism for the
development of the fibrous silicon structure which is "Impurity Induced Twinning - IIT"
mechanism [84].
In conclusion, Sr addition affects both nucleation and growth behavior of eutectic Si
to transform silicon morphology from flake to fibrous. Furthermore, the overall results of
thermal analysis for this study are in line with the previous reports [24,194-196].
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Figure 6.16: Effect of Sr addition on the:
(a) nucleation and maximum temperatures of the eutectic, (Tnuceut, Tmaxeut)5
(b) eutectic recalescence, A0
By calculating different solidification ranges, it becomes obvious that ATa increases
by Sr addition due to the lowering of the main eutectic reaction and since the total
solidification range is constant, ATeut decreases (Figure 6.17). By increasing the a-Al
solidification range, there is more chance for having better semi-solid slurries due to wider
working temperature range.
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Figure 6.17: Effect of Sr on the solidification range of various phases
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6,3.1.2 Structural analysis
The morphology of primary a-Al phase appears to be somewhat different to that of
non-modified alloy as seen in Figure 6.18. If the micrographs are examined closely, it is
evident that the eutectic regions within the modified alloy appear to have boxed-in the
primary a-Al phase, while this is not the case for non-modified structure. In other words,
eutectic regions within modified alloy are continuous and interconnected while there are
isolated individual patches of eutectic regions for the non-modified alloy. Such distinct
difference may be attributed to the fibrous morphology of Si and the fact that each
individual Si nucleus grows through branching and expanding three dimensionally rather
than as an isolated flake for non-modified alloy. It is beyond the scope of the current study
to report on the effect of Sr addition or the presence of the AUSr compound within the
master alloy, Figure 6.2 and Table 6.1, on the solidification mode (nucleation and growth)
of the primary a-Al phase.
The concept of "boxing-in" of the primary a-Al particles by the eutectic mixture in
the modified alloy is well illustrated in Figure 6.18 along with the changes related to the
silicon morphology. In the non-modified samples, silicon plates up to 120um long could be
seen in the Al matrix with the boundaries of primary a-Al dendrites being not clear. It may
be true to say that in non-modified alloy, the remaining liquid does not solidify as a duplex
mixture of Al and Si, but there is an overshoot of primary a-Al dendrites, due to difficulty
of nucleation of Si, to take with them the Al content of eutectic mixture. Employing
electron backscattered diffraction (EBSD), Nogita, and Dahle [191] reported that in non-
modified alloys there is not any difference in the crystallographic orientation between the
primary a-Al phase and the eutectic aluminum at the vicinity of the eutectic pools.
With modification however, the eutectic melt solidifies as a duplex mixture due to
the changes in the silicon morphology. The addition of 47ppm Sr is sufficient to transform
the flake Si to fibrous morphology and with further addition of Sr, the structure becomes
fully modified and eventually overmodified. Overmodifi cation can easily be detected by the
coarsening of silicon particles and increasing their inter-particle spacing and the
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segregation of Sr-based compounds (Figure 6.19). Electron probe microanalysis (EPMA)
has confirmed A^SiaSr stoichometry for the segregated Sr-based compounds.
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Figure 6.18: Optical micrographs showing the effect of Sr addition in the conventional
casting: (a) without Sr, (b) 156ppm Sr
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Figure 6.19: Sr-based intermetallic compounds (arrowed) formed in the overmodified
specimens; (a) 302ppm Sr, and (b) 720ppm Sr
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6.3.1.3 SEM analysis
In order to further characterize the morphological changes of the eutectic Si due to
Sr modification, deep etched graphite mold samples were examined by SEM, see Figure
6.20. The flake silicon particles of the non-modified alloy are quite coarse even at such low
magnification, Figure 6.20a. With Sr-modification, silicon morphology changes to fibrous
with seaweed appearance, Figure 6.20c&d. SEM analysis showed that overmodification
may initiate some discontinuity in the fibrous structure by forming pseudo flake silicons as
it is evident in Figure 6.21 (arrowed).
(c) (d)
Figure 6.20: SEM micrographs of the deep etched (10%HF) graphite mold samples,
(a & b) without Sr (c & d) 156ppm Sr
229
' '
£ , " f
Figure 6.21: SEM micrograph showing the formation of pseudo flake Si particles
(arrowed) due to overmodification (720ppm Sr)
6.3.2 Semi-solid processing
63.2.1 Structural analysis
The left hand sides' optical micrographs in Figures 6.22 show the effect of Sr
addition on the morphology of the primary a-Al particles. The Sr-treated structure appears
to have more globular characteristics with isolated primary a-Al particles dispersed in a
refined eutectic matrix. As discussed for the conventional cast structure, the eutectic
regions within the modified alloy appear to have boxed-in the primary a-Al phase.
The Si morphology, Figure 6.22 right hand sides, however is fully fibrous as
expected with modification treatment but denser and finer than those of conventionally air-
cooled casting of Figure 6.18. This is, mainly due to the higher cooling rate of the quenched
SEED billets, and partly due to the SSM process itself. The SEED process is a rheocasting
route based on the stirring of the melt within the mushy zone. As reported before [128],
stirring not only leads to the formation of globule structure in the slurry but also imparts
forced convection onto the remaining liquid resulting in better fluid flow and smaller
silicon particles. As a result the Si morphological changes of the SEED processed billets
could not be resolved and characterized by image processing.
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Figure 6.22: Optical micrographs to show the additional effects in the SEED process:
(a) without Sr, Conventional process, (b) 47ppm Sr,
(c) 74ppm Sr, (d) 156ppm Sr, (e) 302ppm Sr, and (f) 720ppm Sr
As mentioned for the conventional cast specimens, the effect of overmodification
could easily be detected by the coarsening and increasing of the intersiJicon spacing and the
formation of Sr-based intermetallic phases within the eutectic pools. It is noticeable from
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Figure 6.23 and 6.24 that Sr compounds may segregate in two distinct morphologies of
cuboidal and flake/plate.
The microprobe analysis of the Sr-based compounds, x-ray maps in Figure 6.24 and
Table 6.4, suggests A^SiaSr stoichiometry in confirmation of the results reported before
[24,96]. These particles were found to form in castings with Sr additions in excess of
390ppm. It should be emphasized that no chemical variation was detected between these
two morphologies. Therefore the optimum percentage for Sr addition appears to be between
50-200ppm.
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Figure 6.23: The formation of Sr-based intermetallic compounds, (arrowed), due to
overmodification of the SEED billets: (a) 302ppm Sr, (b) 720ppm Sr
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Si x-ray map Sr x-ray map
Figure 6.24: Back scattered electron micrograph and respected x-ray maps of the
intermetallic particles formed due to Sr addition (768ppm Sr)
Table 6.4: Microprobe analysis of the Sr-based intermetallics, (at. %)
Ai
39.90
40.56
39.24
B
2.97
0
0
Ti
0
0
0
Si
39.13
40.71
42.46
Mg
0.01
0
0
Sr
17.98
18.73
18.29
Fe
0
0
0
6.3.2.2 SEM analysis
The SEM analysis of the non-modified deep-etched SEED billets, Figure 6.25a,
suggests the plate like silicon crystals to have grown out of individual nucleation sites,
while the modified structure consist of highly branched silicon fibers, but with much lower
number of isolated fibers. As for instance, the Si in Figure 6.25b mainly consists of one
highly branched fiber with its origin, nucleation point, arrowed.
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The inter-lamellar/inter-rod spacing appears to have decreased in the SEED billets
when Figures 6.20 and 6.25 are compared. Such refinement is partly due to the quenching
of SSM slurries from the mushy zone and partly due to the fluid flow and thermal
uniformity within the SSM mold. This means that the branching of Si fiber is not hindered
and it can branch in any direction, since there is not any directional heat flow within the
mold. From the modification mechanism point of view, in the presence of chemical
modifier, both the twining frequency and the angle of branching increase with freezing rate,
both of which promote modification and formation of finer structures [84]. The high
frequency for branching with Sr addition requires a new terminology for the fibrous growth
morphology as proposed here, "pine-like growth " as well depicted in Figure 6.26.
Continue
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Figure 6.25: Scanning electron micrographs of the deep etched (10%HF) SEED billets
to show morphological changes of eutectic Si with Sr addition; (a) without Sr, (b)
47ppm Sr, (c) 74ppm Sr, (d) 156ppm Sr, (e) 302ppm Sr, and (f) 768ppm Sr
Figure 6.26: Scanning electron micrograph show ing the pine-like Si morphology and
its frequent branching for the SHHI) biliel modi tied with 47ppm Sr
6.3.2.3 Image analysis
As shown in Figure 6.22, the Sr-modified silicon particles are too small to be
resolved by optical microscopy and therefore the quantitative results are only given for the
primary a-Ai particles.
The percentage of the primary a-Ai particles increases slightly with the addition of
Sr (Figure 6.27a). As mentioned before, with addition of Sr, the eutectic line moves
downward with the eutectic point shifting to the right, thus expanding the a-AÎ freezing
range of the alloy and increasing the fraction of primary a-Al. This is of great importance in
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the SSM processing since a wider solidification range renders more flexibility in SSM
processing especially when the commercialization of the process is intended.
The average circular diameter increases with Sr addition while the number density
remains approximately constant (Figures 6.27b,c). This is in line with the increase in the
primary ot-Al percentage since the equivalent circular diameter should increase to preserve
the balance between all the equations. The area/perimeter ratio also increases with Sr
addition in support of the findings for the average circular diameter (Figure 6.27d).
In order to further highlight the globularization effect of the SEED process with Sr
addition, the percentage of primary a-Al particles having aspect ratio above 2 was
measured and presented in Figure 6.27e. The reducing trend in this figure is an indication
of better globularization of the primary a-Al particles with Sr addition. The percentage of
sphericity values greater than 0.8 also confirm such conclusion, see Figure 6.28a. With
modification, the percentage of particle having sphericity closer to one increases which is
an indication of the particles approaching to spherical morphology.
The drainage of the remaining liquid increases with Sr addition to further confirm
previous finding where Sr improves the flowability of the alloy [75]. From dendrite
coherency point (DCP) of view, it was reported [78] that modification postpones the DCP
point in conventional casting in spite of increasing a-Al percentage. For SSM processes, the
concept of DCP is different since there is no dendrite formation and therefore, dendrite
interlocking is prevented. Therefore, better flowability may be attributed to the formation of
more continuous and smooth liquid channels in the semi-solid structure. However higher
values of strontium decreases the flowability of the remaining liquid due to the formation of
Sr-based intermetallics.
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Figure 6.27: The image processing data of the primary a-Al particles in the Sr-modified
A356; (a) primarya-Al percentage, (b) average circular diameter, (c) number
density, (d) area/perimeter, (e) percentage of particles having
aspect ratio > 2 and (f) drainage percentage of the remaining liquid
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The concept of sphericity was used to better understand the role of modification on
the morphology of the primary a-Al particles. Figure 6.28 shows the percentage of a-Al
particles with sphericity greater than 0.8. With modification, the percentage of particles
having sphericity values closer to one increased with Sr.
During SSM processing, the globules form in the mushy zone where there is neither
any eutectic silicon nor other compounds present. Therefore the question may arise as "why
should modification have any influence on the primary a-Al morphology?". It is believed
that any variation in the surface tension of the alloy plays an important role on the
globularization of a-Al particles. Previously, it was reported that Sr and Na decrease the
surface tension of the melt [103,104]. By decreasing the surface tension, wetability of
primary a-Al particles by the remaining liquid is improved. This is equivalent to having
more contact between the remaining liquid and primary a-Al. Decreasing the surface
tension causes more flow around the a-Al particles and consequently renders enhanced
shaving and trimming of these particles and therefore causes the formation of more
spherical and rounder particles.
During stirring, thermal and solutal homogenization takes place and with
consideration of better fluidity due to lower surface tension and better wetability, it may be
true to conclude that the flow around particles could smooth off primary a-Al particles
better and thus rounder particles are obtained.
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CHAPTER 7
RESULTS AND DISCUSSION - COMBINED EFFECT
7.1 Combined effect in A356 alloy
7.1.1 Addition of titanium, boron, and strontium
The aim of these series of tests is to reach a conclusion in a simultaneous addition of
refiner and modifier to the alloy, i.e., the combined effect. The optimum additional level
was measured from the previous experiments and the final chemical compositions are listed
in Table 7.1.
Table 7.1 : Chemical analysis for before and after treatment (wt. %)
Base
alloy
Treated
alloy
Si
6.68
6.68
Mg
0.4
0.39
Fe
0.07
0.08
Mn
0.003
0.003
Cu
0.001
0.001
Ti
0.0058
0.058
B
0.0001
0.0098
P
0.0003
0.0003
Sr
0.000
0.014
Al
bal.
bal.
7,1.1.1 Conventional casting
7.1.1.1.1 Thermal analysis
Figure 7.1 is the nucleation and growth segments of typical cooling curves for
primary a-Al formation and eutectic reaction of both untreated and treated alloys. As it is
evident, the nucleation and growth temperatures have shifted up for primary a-Al, while
the eutectic reaction has been suppressed to lower temperatures as a result of grain refiner
and modifier co-addition.
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From solidification point of view, Figure 7.1a, at a given cooling rate, as the
temperature falls below the nucleation temperature THUCAI, nucleation rate rises
exponentially to such an extent that compensates heat extraction and eventually overrides it
after the minimum temperature, TminAi- In other words, the evolution of latent heat retards
the cooling rate up to the minimum and thereafter the melt is reheated to TgAi due to mainly
growth of primary nuclei. It is quite important to note that by the time recalescence is
completed, all nucleation opportunities are ceased and the final grain density is predictable.
The effects of separate sole additions of refiner and modifier to A356 Al-Si alloy are
reported before in sections 5.2.1 and 6.2. Sole addition of grain refiner lifted up nucleation
temperature by as much as 4-5°C, while sole addition of Sr-based modifier depressed
eutectic temperature by almost 7-8°C. In other words, if both additives performed the same
way for the combined case, the solidification range should increase by 11-13°C which is
the case for combined addition. Although widening solidification range may not be
regarded important for conventional casting or even be a drawback due to increasing the
incident of porosity, but surely it is quite crucial for SSM processes. Furthermore,
development of wider freezing range slows down directional solidification which is again a
positive point in SSM processing.
As mentioned before, small addition of Ti and B shifted the curves up and
recalescence decreased. In other word, addition of grain refiner has catalyzed the nucleation
of primary a-Al sooner and with more nuclei in the melt. Furthermore, both nucleation and
growth temperatures of a-Al particles increased but the temperature rise is greater for
TnucAi as clearly seen in Figure 7.2a. This means that there are more nuclei with lower
chance of growth at any one time during nucleation and early growth of primary phase.
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A3S6
Figure 7.1: Cooling curves before and after additions:
(a) beginning of solidification, (b) eutectic reaction zone
Figure 7.2b presents the variations in Tnuceut, Tmaxeut, A0, and ATa due to
combined treatment. As mentioned before, the changes in eutectic TA parameters are the
same for sole and combined treatments which may confirm the independent function of
grain refiner and modification during solidification. In other words, the strong affinity of B
for Ti to form TÍB2 nucleants impedes any reaction between Sr and B to form SrB&
compounds and thus inactivate Sr as a modifier. It is evident from Figure 7.2b that the
eutectic nucleation temperature and eutectic maximum temperature decrease with Sr
addition. The eutectic recalescence, A9, also increased by ~2°C with 140ppm Sr. Also
depression of the eutectic temperature causes larger a-Al solidification range and
consequently more a-Al formation. The interesting point here is that increasing in ATft is a
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bit more here comparing the Sr addition alone since with refiner addition, nucleation
temperature of a-Al particles increased and it causes greater solidification range.
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Figure 7.2: Variation of: (a) nucleation and growth temperature of a-Al particles due to
grain refiner effect, (b) nucleation, maximum, and recalescence of eutectic and ATa due
to modifier effect
7.1.1.1.2 Structural analysis
The optical micrographs in Figure 7.3 depict microstructural changes due to
combined treatment. The primary a-Al phase has a fully columnar (dendritic) structure in
the untreated specimen but transforms to equiaxed morphology with combined addition.
Such effect is believed to be solely due to grain refiner segment of combined treatment
(dark areas are porosities). The eutectic mixture is also affected by this treatment where the
flake silicon in Figure 7.3a has fully transformed to fibrous, Figure 7.3b, due to Sr content.
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Figure 7.3: Optical micrographs for showing the effect of simultaneous melt treatment:
(a) Without addition, (b) 580ppm Ti, 98ppm B, 140ppm Sr
7.1.1.13 SEM analysis
The Sr content of the combined treatment modifies the morphology of eutectic Si as
shown by the two SEM micrographs in Figure 7.4 where the flaky structure of silicon
changes to fibrous and the seaweed like structure is visible.
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(a) (b)
Figure 7.4: Scanning electron micrographs of the selected samples, deep etched in
10%HF: (a) without addition, (b) 580ppm Ti, 98ppm B, 140ppm Sr addition
7.1.1.2 Semi-solid processing
7. J.I.2.1 Structural analysis
The optical micrographs in Figure 7.5 show the effect of combined treatment. Grain
refining efficiency is obvious through globules size reduction and more primary particles,
while modification effect could be seen at higher magnification by morphological changing
of silicon particles from lamellar to fibrous (Figure 7.6).
The effect of combined treatment on rendering better globularity of primary a-Al
particles could also be explained in terms of the modifier and its effect on silicon
morphological changes. This is due to the growth nature of the fibrous structure of Si in the
eutectic mixture which encompasses the primary a-Al phase without being a continuation
of it. Therefore, the globules are indeed true globules when Sr is added. As shown by Dahle
et al. [197], in unmodified alloy, the eutectic grows from the primary phase, while for Sr-
modification eutectic grains nucleate and grow separately from the primary dendrites.
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Figure 7.5: Optical micrographs presenting the effect of simultaneous melt treatment:
(a) Without addition, (b) 580ppm Ti, 98ppm B, 140ppm Sr
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Figure 7.6: Variation of silicon morphology due to Sr addition:
(a) without Sr (b) 140ppm Sr
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One of the key parameters in alloy design for SSM processing is the solidification
range. That is why pure metals and eutectic alloys are not suitable for the SSM processes.
This is quite important both scientifically and technologically since the formation of
spherical solid particles, as the most desired form, depends on the temperature range where
morphological evolution, i.e., dendritic to globule transition, may take place if appropriate
conditions are met. As shown in sections 5.2.1.2 and 6.3.1.1, by individual refiner addition,
ATa increases by ~-6°C while by sole modification, ot-Al solidification range raises by
~10°C. Figure 7.7 shows variation of ATa and ATeut due to the combined addition. As seen,
combined addition enlarges the ATa by more than ~12°C.
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Figure 7.7: Effect of combined addition on the solidification range
7.1.1.2.2 SEM analysis
The morphological changes of silicon due to the combined treatment are illustrated
by the SEM micrographs in Figure 7.8. The flaky structure of silicon has changed to fibrous
morphology having seaweed like characteristic. Furthermore, in contrast to the
conventional cast specimens, Figure 7.4, extra refinement of the structure is attributed
partly to the quenching of SSM slurries from mushy zone and partly to fluid flow and
thermal uniformity within the SSM mold. This means that the branching of Si fiber is not
hindered and it can branch in any direction, since there is not directional heat flow in the
mold.
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(a) (b)
Figure 7.8: SEM photos of the selected SEED samples, deep etched in 10%HF,
(a) Without addition, (b) 580ppm Ti, 98ppm B, 140ppm Sr addition
By comparing Figure 7.4 and 7.8, it is obvious that interlamellar spacing decreased
by higher cooling rate. Decreasing both flake and fibrous inter-lamellar/inter-rod spacing
and size could also be interpreted according to the eutectic growth calculation. As it was
shown [23], interlamellar spacing, X, has an inverse relation with the rate of interface
movement, V, as follow:
^
2V= constant (7.1)
This equation indicates that increasing the rate of interface movement by mean of
higher cooling rate could lead to small interlamellar spacing as shown by comparing
Figures 7.4 and 7.8 or 7.3 and 7.6.
7.1.1.2.3 Image analysis
As discussed in the previous sections, the scale of structure is quite fine in the SSM
billets and optical quantitative metallography was not possible for the eutectic silicon.
Therefore, the results as presented in Figure 7.9 are solely concentrated on the primary a -
A! phase.
The primary a-Al percentage appears to have increased which is due to higher
number of effective nuclei from the refining side plus increasing the a-Al solidification
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range due to Sr, Ti, and B additions. It was given before that combined treatment increased
the ct-Al solidification range by 11-13°C.
It was shown that by sole modification, the number density of primary ct-Al
particles remained unchanged while its quantity increased and hence the average circular
diameter rose. This is not the case for combined treatment as shown in 7.9b, where the
average circular diameter decreased slightly but the raise in number density is more
pronounced. This is attributed to grain refining effect in shifting the nucleation temperature
to higher values and rendering more nuclei to form per unit volume. The greater number of
nuclei compensates the enlargement of solidification range due to combined treatment.
Furthermore, the average A/P ratio is approximately constant while the percentage of a-Al
particles with aspect ratio >2 decreases. Such finding coupled with the increasing of
sphericity values as shown in Figure 7.9d, is an indication of improving globularity of the
structure.
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Figure 7.9: Different parameters of SEED samples:
(a) primary a-Al percentage (b) circular diameter and number density of a-Al particles,
(c) Area/perimeter and percentage of a-Al particles having aspect ratio >2, and (d) % of
particles having sphericity > 0.8
As mentioned in the experimental procedure, drainage is a part of SEED process to
provide a self standing billet, but it is believed that it can also be an indication of fluidity of
the alloy. Here it has to be noticed that this may be contradictory to classical meaning of
fluidity which is normally defined as the distance to which a metal will run before
solidification. The drainage percentage increased with combined treatment as seen in
Figure 7.10. Such finding may look contradictory to the fact that by increasing primary a-
Al percentages drainage should decrease due to the agglomeration and blockage of the
mold bottom orifice.
Drainage augmentation could be explained from different aspects. According to the
literature on conventional casting [78], dendrite coherency point, DCP, has a direct
relationship with the fluidity concept where a postponed DCP improves fluidity, i.e. smooth
channels without interlocking pathways for liquid flow. While on the other hand, from
modification point of view, Sr postpones the DCP and it means that in spite of increasing a-
Ai percentage, more flow exists in the slug. This is supported by better sphericity numbers
where more globular particles are formed with the combined treatment. That is to say there
are smoother inter-particle channels for liquid to flow. These are in line with increasing of
fluidity of modified and refined alloys [75-77].
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Figure 7.10: Drainage of liquid from closure during SEED process
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7.1.2 Addition of boron and strontium
The optimum additional levels of boron were reported in sections 5.2.2. and 5.2.3
and for the strontium in section 6.3. The selected chemical composition of the mixed
addition is therefore based on these findings and given in Table 7.2.
Table 7.2: Chemical analysis of A356 alloy before and after treatment (wt. %)
Base
alloy
Treated
alloy
Si
6.66
6.6-
6.8
Mg
0.4
0.38-
0.4
Fe
0.07
Max0.07
Mn
0.002
MaxO.003
Cu
0.001
MaxO.001
Ti
0.0057
Max0.004
B
0.0001
0.02
P
0.0003
0.0003
Sr
0.000
0.01-
0.014
Ai
bal.
bal.
7.1.2.1 Conventional casting
7.1.2.1.1 Thermal analysis
The effect of sole refiner and modifier additions to the A3 5 6 alloy was illustrated
previously, see sections 5.2.3 and 6.3. Figure 7.1 la compares the cooling curves at the early
stages of solidification for both untreated and B+Sr treated alloys. The combined melt
treatment appears to be quite effective in decreasing the recalescence in the bulk liquid with
the added bonus of lowering the eutectic reaction due to the strontium addition as shown in
Figure 7.11b. The resulting thermal data extracted from further analysis of the cooling
curves are plotted in Figure 7.12. In the untreated alloy, the recalescence is about 2°C and
nucleation and growth temperatures of the primary phase are ~ 615-616°C (Figure 7.12a)
while with the refiner effect, both temperatures increased and recalescence decreased. In
the eutectic reaction zone, Figure 7.12b, Sr-modification causes lower eutectic nucleation
temperature and the related recalescence also increased.
Comparing the results with the sole boron addition indicates that increasing of
nucleation and growth temperatures of primary a-Al particles is slightly greater in the sole
B-treated alioy and the recalescence for combined treatment could not reach zero. This is
the main explanation for larger grain size in B-Sr treated alloys as will be described later.
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From modification point of view, Sr decreases the nucleation and maximum temperatures
of the eutectic and thus increasing the a-Al solidification range (Figure 7.13).
A356
Ippro B, 112pf>m Sf
SO 90 100 110 120 130 140 150 160 170 1
Figure 7.11: (a) Commencement of solidification with combined B-Sr treatment,
(b) eutectic reactions
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Figure 7.12: Variation of: (a) THUCAI, TgAi, and ATRec due to the refiner,
(b) TnuCeut, Tmaxeut, A9, and ATa due to modifier addition
As discussed in sections 5.2.2 and 5.2.3, boron is the most effective refiner for A356
alloy. With Sr addition and its reaction with B, the overall percentages of Sr and B to act as
refiner and modifier respectively decrease and thus could not be as effective as those of
sole addition (Figure 7.13). As it will be discussed later, Sr and B react and form SrB6
compounds according to following reaction:
Sr + 6B -» SrB6 (7.2)
This reaction shows that each Sr atom could react with six B atoms and form SrBg
compound. According to appendix A and the disregistry values, both SrBô and TÍB2 could
act as nucleant but it should be considered that boron consumption in the compound is one
of the key parameters. It means that AIB2 consumes less amount of boron comparing to
SrBe and as a result by considering a constant amount of boron, the density of nucleant
particles is much higher in the case of AIB2 as lower number of boron atoms are associated
with this compound. Therefore by greater number of potent nucleants, the probability of
having lower grain size is increased.
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Figure 7.13: Effect of combined addition to the solidification range
7.1.2.1.2 Structural analysis
The microstructural transformation due to the combined addition is shown in Figure
7.14. From a refiner stand point, the microstructure obviously changes from columnar to
equiaxed. This is attributed to the large number of nucleants dispersed within the bulk
liquid to initiate nucleation and coupled with multidirectional growth to end up with an
equiaxed structure. As mentioned, the formation of boron-based compound particles is the
main reason for structural refinement. Interestingly, by formation of SrBg compounds and
decreasing of the free Sr atoms in the liquid, the remaining Sr atoms are not capable of
altering the morphology of the eutectic silicon to fibrous and as a result the acicular silicon
morphology only changes to flakes.
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Figure 7.14: Micrographs representing the effect of simultaneous melt treatment:
(a) Without addition, (b) 231ppm B, 112ppm Sr
As mentioned before, there is a strong affinity between Sr and B and following
addition to the alloy these elements react and form SrB6. Therefore, most of the boron
atoms which should be utilized for refining purposes are consumed to form this compound.
As it will be shown in the appendix A, SrB6 has a low disregistry with the matrix but its
boron consumption is high (six atoms) and that is why effective and full refining failed. On
the other hand, due to this reaction, Sr is aiso removed from the melt and hence there is less
strontium available for modification. The result is partial refining and modification. Figure
7.15 shows boron-based intermetalîics at different addition levels.
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Figure 7.15: Intermetallics formation and agglomeration due to:
(a) 23 Ippm B, 112ppm Sr, (b) 218ppm B, 136ppm Sr
7,1,2.1.3 SEM analysis
Figure 7.16 shows the scanning electron micrographs of selected graphite mold
samples. It is evident that with Sr addition, the flaky structure of silicon still remains.
Figure 7.16: Scanning electron micrographs of the selected samples, deep etched in
10%HF, (a) Without addition, (b) 218ppm B, 136ppm Sr addition
7.1.2.2 Semi-solid processing
7.1.2.2.1 Structural analysis
The optical micrographs in Figure 7.17 show the effect of combined melt treatment
with B and Sr. The addition of inoculant means having more nucleants in the system and by
considering of higher TnucAi which was shown in 7.12a, higher percentage of a-Al particles
is expected. Moreover, Sr addition increased the percentage of primary phase due to the
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depressing of the eutectie temperature and thus widening the solidification range for
primary a-Al phase formation. Such qualitative remarks will be supported when the
quantitative results are discussed in the section on image analysis.
The effect of modification is recognizable by the formation of rounder globules plus
morphological evolution of silicon flakes to fibrous (Figure 7.18). As seen in Figure 7.18,
the evolution of eutectie silicon is not homogenous in the sample and a mixture of
partial/fibrous structure is seen through the examined surface. However, if Figure 7.18 is
compared with that of Figure 7.14, the question may arise as why there is not any change in
the silicon morphology in the conventionally cast billets. As shown in conventionally cast
sample, Figure 7.14b, Sr addition in combined format resulted in minor changes of acicular
to smaller flakes silicon particles. This result is in contradiction with the quenched billet
microstructure where the quenched structure is fully fibrous (Figure 7.18b). For better
explanation of this result, it is necessary to consider two distinct effects. By quenching the
billets, the silicon flake size decreases due to the higher cooling rate with the added bonus
of forced convection which is clearly shown by comparing Figure 7.14a and 7.18a. From a
kinetics point of view, the reaction of Sr and B in this system is time dependent and in
conventional air cooled samples, there is enough time for SrBe formation prior to the main
eutectie reaction and therefore the remaining Sr is inadequate to cause morphological
evolution of silicon flakes. In quenched billets the story is different since the billets were
quenched from 598°C and this would result in lesser time for SrBg reaction to proceed and
therefore the remaining and unreacted Sr in the system is increased; this amount of Sr is
quite enough to alter the morphology as seen in the combined SEED treated sample.
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Figure 7.17: Optical micrographs to show the effect of combined treatment:
(a) Without addition, (b) 218ppm B, 136ppm Sr
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Figure 7.18: Variation of silicon morphology:
(a) without Sr, (b) 218 ppm B, 136ppm Sr
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As it was shown in conventional samples, Figure 7.15, combined addition of Sr and
B has the disadvantage of intermetallic formation in the eutectic regions due to their high
affinity. Figure 7.19 shows typical agglomeration in the SEED billets. Electron microprobe
analysis of these particles confirmed SrBe, (Table 7.3), stoichiometry.
The potential nucleation sites for the primary a-Al particles were searched as a
routine procedure during the course of the current research. The backscattered electron
micrograph and corresponding x-ray maps in Figure 7.20 and Table 7.4, confirms SrBô as a
potential nucleation site for the primary a-Al particles but again the shortcoming of
simultaneous addition is the reduction of both refining and modifying effects due to
agglomeration and decreasing the potential sites for both treatments.
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(c) (d)
Figure 7.19: (a) back scattered electron micrograph of aggiomorations, and x-ray maps
for: (b) AI, (c) B, and (d) Sr (SEED sample with 231ppm B, 112ppm Sr)
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Table 7.3: Atomic percentages of boride particle
Al
0.77
B
86.20
Ti
0
Si
0.4
Mg
0.10
Sr
12.53
Fe
0
(d) (e)
Figure 7.20: (a) backscattered micrographs of a nucieaus in the sample with 23 Ippm B,
and x-ray maps of (b) Al, (c) Sr, (d) Ti, and (e) B
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Table 7.4: Atomic percentages of nucleus by microprobe analysis
AI
2.69
B
83.16
Ti
0.03
Si
1.46
Mg
0.9
Sr
11.75
Fe
0
7.1.2.2.2 SEM analysis
Figure 7.21 shows the SEM micrographs of selected SEED samples. Comparing to
the conventional cast specimens, finer and fibrous structure in these samples is obvious.
With modifier addition, the flaky structure of silicon changes to fibrous and the seaweed
like structure is visible but its distribution is not uniform in the sample and some parts with
partial modification could be seen.
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Figure 7.21: SEM photos of the selected SEED samples, deep etched in 10%HF,
(a) without addition, (b) 218ppm B, 136ppm Sr addition
7.1.2.2.3 Image analysis
The results of image processing for B-Sr treated slurries are shown in Figure 7.22.
The primary ct-Al percentage increased which is mainly associated to the numerous
nucleation sites as discussed before, i.e. shifting up the solidification temperature due to the
B addition and the benefit of lowering the eutectic reaction due to the Sr addition. Globule
size reduction is seen through different parameters such as decreasing of circular diameter,
the percentage of a-Al particles having aspect ratio >2, and the area to perimeter ratio and
increasing of particles density. Also, the percentage of particles having sphericity greater
than 0.8 increases which is an indication of higher degree of globularity
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Furthermore, it should be emphasized that the refiner part of addition always
dominates the modifier side. As shown in Figure 6.27c, by modification, number density of
the primary particles is unchanged since there are no new nuclei introduces into the system
while, refiner side increases the quantity of primary particles.
Higher percentage of sphericity coupled with lower surface tension due to the Sr
addition results in smoother channels and easier flow of the remaining liquid could be
achieved. Higher amount of the extracted liquid from the bottom orifice is an indication of
better fluidity of the treated alloy (Figure 7.23).
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Figure 7.22: Image analysis parameters for B-Sr treated A356;
(a) primary a-Al percentage (b) circular dia. and number density of a-Al particles,
(c) A/P ratio and percentage of a-Al particles having aspect ratio >2, (d) % of particles
having sphericity > 0.8
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Figure 7.23: Drainage as a process parameter
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7.2 Combined effect in Commercial 356 aiioy
The effects of sole grain refiner and modifier additions were reported before. With
the knowledge acquired for the optimum additional level, a series of melts were prepared to
study the effect of combined addition with chemical compositions given in Table 7.5.
Table 7.5: Chemical analysis for the base alloy and combined treatment (wt. %
Base alloy
Treated
alloy
Si
7.11
7.06
M g
0.35
0.35
Fe
0.09
0.09
Mn
0.002
0.002
Cu
0.002
0.002
Ti
0.135
0.153
B
0.0008
0.0047
P
0.0002
0.0002
Sr
0.000
0.014
Al
bai.
bal.
7.2.1 Addition of titanium, boron, and strontium
7.2.1.1 Conventional casting
7.2.1.1.1 Thermal analysis
The effect of combined addition of refiner and modifier on the solidification
behavior of commercial 356 alloy is shown in Figure 7.24. Small addition of Ti&B shifted
the cooling curves to higher temperatures and decreased recalescence (Figure 7.24a). For
commercial alloy, the addition of refiner elements leads to the same behavior as it was
discussed in section 5.3. The results of analysis of the cooling curve have confirmed that
with grain refiner addition, both nucleation and growth temperatures of the primary ct-Al
particles increase but the increasing rate is greater for TmiCAi (Figure 7.25). In other words,
more nucleation sites could neutralize dendritic solidification by reducing the growing
space. Recalescence varied between -0.3 and zero and so it shows that refining process is
efficient.
By Sr addition, Figure 7.24b, there is an apparent reduction in the eutectic reaction
temperature and an increase in the recalescence value is obvious. Eutectic nucleation
temperature, Tnuccul, and maximum temperature of the eutectic decrease with Sr addition as
described previously (Figure 7.25b). The variation of eutectic recalescence, shows that A0
increased by ~2°C due to addition of 150ppm Sr. Also depression of the eutectic
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temperature causes larger a-Al solidification range and as a result more a-Al formation.
The results are in line with those reported for sole Sr addition in section 6.3. Comparing to
the sole modifier addition, increasing of the a-Al solidification range is more in the case of
joint addition due to the higher liquidus temperature.
£«17
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Figure 7.24: Cooling curves before and after additions:
(a) commencement of solidification, (b) eutectic reaction zone
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Figure 7.25: Variation of thermal analysis parameters: (a) TnucAi, TgAi, and ATREC due
to the refiner, (b) Tnuceut, Tmaxeut, A0, and ATa due to modifier addition
While refining increases the a-Al solidification range by ~4°C, the combined
addition expands it by -11 °C which is almost three times that of sole addition of refiner
(Figure 7.26). This is coming from the fact that the combined addition has an additional
benefit of ascending the a-Al nucleation temperature plus lowering the eutectic nucleation
temperature due to the Sr addition and therefore rendering an extended ATU. It is worth
noting that an expansion in the mushy zone temperature range has important implications in
SSM processing since it causes wider operational range for slurries preparation.
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Figure 7.26: Influence of melt treatment on the solidification range of Com356
7.2.1.1.2 Structural analysis
The effect of combined addition on the microstracture of commercial 356 alloy is
given in Figure 7.27. As it could be seen:
a The microstracture is no longer dendritic and the formation of an equiaxed
morphology is evident with grain refiner addition.
• With Sr addition, silicon morphology changes from acicular and lamellar to
fibrous. As mentioned in section 6.3, it seems that the eutectic regions in the
modified alloy have boxed in the primary a-Al phase comparing to the
unmodified alloy which shows isolated silicon flakes. It is believed that this is
originated from growing of fibrous Si from limited number of nucleants and
expanding three dimensionally.
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Figure 7.27: Microstructural variation due to the simultaneous melt treatment:
(a) without addition, (b) addition of 180ppm Ti, 40ppm B, 150ppm Sr
7.2.1.2 Semi-solid processing
7.2.1.2.1 Structural analysis
The optical micrographs in Figure 7.28 show the effect of combined treatment.
Grain refining efficiency is obvious through higher percentage and more globular and
compacted primary particles, while modification effect could be seen at higher
magnification by morphological changing of silicon particles from lamellar to fibrous
(Figure 7.29).
(a)
"4,
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Figure 7.28: Effect of combined treatment on the a-Al particles:
(a) without addition, (b) 180ppm Ti, 40ppm B, 150ppm Sr
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7.29: Variation of silicon morphology in SEED quenched billets:
(a) untreated alloy, (b) 180ppm Ti, 40ppm B, 150ppm Sr
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7.2.1.2.2 Image analysis
The results from image analyzing are shown in Figure 7.30. The percentage of
primary phase increases due to the existence of more nuclei from Ti and B addition and
shifting of the main eutectic reaction (L -> ot-Al + Si) to lower temperatures as a result of
Sr addition. Particles density slightly increases which is an indication of more individual
primary particles in a unit area. There is almost no difference in the average circular
diameter after treatment which is associated with the effectiveness of Ti in solution in
suppressing the growth of primary particles.
The area to perimeter, percentage of a-Al particles having aspect ratio >2, and
percentage of particles having sphericity > 0.8 appears to be less sensitive to the treatment.
As mentioned before, as-recived ingots had Ti in solution and this amount of Ti is sufficient
to suppress the additional growth of primary particles. Insignificant variation of image
analysis parameters all confirm that combined addition is effective in increasing the density
of primary particles plus forming slightly rounder particles.
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Figure 7.30: Image analysis parameters for Com356: (a) primary a-Al percentage, (b)
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From casting point of view, the drainage which is the flow of the remianing liquid
through the solid network, may be regarded as a tool to define the fluidity concept,
although it is fundamentally different to its classical definition. By combined treatment, the
extracted liquid from the bottom orifice in a definite time increased (Figure 7.31). Lower
dendrite coherency point and the postponment of the formation of 3-D solid network, due
to the refiner and modifer agents may be an issue for consideration. This factor is
complemented by stirring associated with the SEED process. In fact, more globular
strucutre plus a lower DCP point should create smoother channels within the slurries and
thus improves the fluidity.
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Figure 7.31 : Drainage as a process parameter
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CHAPTER 8
RESULTS AND DISCUSSION -
RHEOLOGICAL BEHAVIOUR
8.1 Rheological tests for A356 alloy
8.1.1 Addition of titanium, boron, and strontium
8.1.1.1 Chemical analysis
The scope of this part of the work is to perform limited rheological tests on the
SEED billets with the optimum addition level of refiner and/or modifier with A15TÍ1B and
AllOSr master alloys. The optimum rates were obtained from the previous sections (5.2.1,
6.3, and 7.1) and the final chemical compositions are listed in Table 8.1.
Table 8.1: Chemical analysis of the melts (wt. %)
Original
Grain
Refined
Modified
Combined
Si
6.5-
6.75
Mg
0.36-
0.4
Fe
0.07-
0.08
Mn
0.002-
0.003
Cu
n nni
Ti
0.0058
0.06-
0.07
0.0058
0.06-
0.07
B
Nil
0.010-
0.014
Nil
0.010-
0.014
Sr
Nil
Nil
0.017-
0.018
0.015-
0.018
Al
ha I
8.1.1.2 Structural analysis
The optical micrographs in Figure 8.1 show the microstructural evolution of the
untreated and treated billets before and after deformation. All specimens were quenched in
water from 598 ±2°C. The micrographs in the first row, (Figures 8.1a, b, c), illustrate the
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structure of the billets at the end of casting and just before the rheology tests, while the
second row, (Figures 8.1d,e,f), shows the structure of the same billets after isothermal
compression tests, (10 minutes at 598 ±2°C ).
In contrast to untreated alloy, Figure 8.1a, the addition of refiner in the form of
A15TÜB master alloy, Figure 8.1b, appears to have refined and increased the percentage of
ce-Al particles slightly. The concentration of the primary oc-Al particles in the combined
treatment, Figure 8.1c, has also increased almost to the same level as that of the sole refiner
addition. The degree of globularity is also increased by melt treatment. Such qualitative
remarks are confirmed with the quantitative image analysis results plotted in Figure 8.2
which is a conclusion from the previous works in sections 5.2.1, 6.3, and 7.1. The
percentage of primary a-Al particles increases in all cases but the enhanced value is
greatest in the refined and combined billets. Likewise, the quantity of particles in the unit
area, particle density, shows the highest values for refined and combined treatments.
(a)
.,:;••• •%:•.••<;:;?
••&£
(b)
• • • ; * : . , •
J^'^
(d) (e)
Figure 8.1: Microstracutral evolution of quenched samples (a to c):
(a) base alloy, (b) grain refined with 620ppmTi, 1 lOppm B, (c) combined treatment,
610ppmTi, lOOppm B, 160ppm Sr,
and after pressing (d to f): (d) sample "a", (e) sample "b", (f) sample "c"
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The increase in the percentage of the primary a-Al particles due to melt treatment is
because of the changes in the Al-Si phase diagram with the liquidus shifted up with
inoculation and eutectic temperature lowered with Sr modification, i.e. expanded
solidification range. Furthermore, the formation of numerous nucleants due to refiner
addition is expected to reduce inter-a-Al particle spacing and thus to limit globules growth
due to overlapping of solute rich boundary layers formed around growing phases during
solidification. In addition, the refinement is also due to the titanium growth restriction
capability of the dissolved Ti in a-Al. It is worth noting that there is a specific limit of grain
refiner addition beyond which segregation and agglomeration of Ti-based intermetallic
compounds are inevitable as shown in Figure 8.3.
76
74
72
8 70-
IB
I 66
o.
64
62
60
I • Primary a-Ai .;. Density x 120
• • 1 1 0
- • 100
a
+ 80 DI
+ 70 1
60
Untreated Modified Grain refined Combined
Figure 8.2: Variation of a-Al percentage and quantity of the particles with different
treatments
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Figure 8.3: Ti-based intermetallics in over-refined sample,
lOOOppm Ti, 130ppm B addition, deformed billet
For the deformed billets, Figures 8.2d, e, f, there is general coarsening irrespective
of melt treatment. This is expected, since the billets were held isothermally at 598°C±2 for
10 minutes under pressure which not only induced better contact between particle-particle,
but also improved wetting between particle-liquid. In other words, the diffusion and
transport of constituent elements as the pre-requisite for coarsening were improved. The
disappearance of finer particles in the deformed billets is a clear indication of Ostwald
ripening as the dominant mechanism for coarsening. The coarsening of the primary a-Al
particles has also been treated quantitatively by image analysis and measurement of its
average circular diameter. The primary a-Al particles have grown approximately 58% after
10 minutes isothermal deformation at 598°C±2, Figure 8.4. It should be noted that the
average circular diameter is defined as the diameter of a circle having the same area as the
measured object in the software, (2V area I' n ).
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Figure 8.4 : Growth factor in the form of average circular diameter, untreated sample
The optical micrographs in Figure 8.5 show the combined effect of refiner and
modifier. There are two distinct features detectable when Sr is added as part of melt
treatment; the nature of the primary a-Al particles and the eutectic silicon morphology. As
seen in Figure 8.5, some primary a-Al particles appear to have been boxed-in by the
eutectic regions. This is due to the nature of the eutectic pools in the modified alloy, where
there is much lower number of individual eutectic silicon particles in contrast to the un-
modified alloy. This is due to the effect of Sr in restricting the number of nucleation sites
for the eutectic silicon and eventual transforming the flake silicon to a fibrous morphology
with highly branched silicon which grows three dimensionally around the existing primary
a-Al particles.
In conclusion, melt treatment is beneficial during SSM processing of Al-Si alloys
and improves morphological characteristics of the primary a-Al phase. As reported before
in sections 5.2.1 and 6.3 in much more details and also partly shown in Figure 8.2, with the
addition of refiner element(s), the average size of primary particles reduces and their
quantity increases while modification results in larger primaries and keeps density value
almost constant. Furthermore, both treatments result in higher sphericity values, which is
quite important for the fiowability of slurries.
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Figure 8.5: Optical micrographs showing the effect of Sr addition in deformed billets:
(a) untreated alloy, (b) combined treatment, 610ppmTi, lQOppm B, 160ppm Sr
8.1.1.3 Strain-time graphs
An engineering strain-time graph (e-t) is a basic graph to evaluate the deformation
behavior of SSM billets and obtained from the initial height-time variation data. Figure 8.6
shows a typical deformation-time curve.
Unsteady state Quasi-steady state ;
Time (s)
Figure 8.6: A typical graph for different deforamtion stages during
parallel plate compression test
Such graph normally comprises three deformation stages of [184];
1. Stage-I, unsteady-state, where the billet flows almost without any resistance to
applied pressure. This behavior is attributed to the easy movement of the primary
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a-Al particles within the residual liquid and without appreciable collision. The
extent of this region is dependent on the particle size and applied pressure where it
is greater at smaller particle size or higher applied pressure.
2. Stage-II, unsteady-state, where there is some degree of resistance to flow due to
the collision of solid particles and formation of a-Al agglomerates. The
agglomerated chunks are the resisting constituents to billet flow.
Both stages I and II are regarded as non-steady states, since the slope of the graph
varies with time, i.e. there is mainly agglomeration. That's why the first two regions
are classified as unsteady state segment in Figure 8.6.
3. Stage-Ill, Quasi steady-state, where the billet deforms steadily with a constant
slope. It is believed the solid-liquid mixture, "the mush", has reached a state where
it deforms as a single phase. The processes of agglomeration and de-agglomeration
establish a quasi steady state equilibrium condition in the mush at this stage of
deformation.
Figure 8.7 shows the effect of various melt treatments on the deformation behavior
of the SSM billets. The change in the billets deformability due to a-Al particles size and
distribution is clearly visible on the graphs. The untreated alloy (base alloy) shows the
lowest strain values while the grain refined and combined treated alloys deform at much
higher range due to smaller globule size as indicated in the previous section. It has to be
emphasized that the flow characteristics of the grain refined and combined treatment alloys
are almost the same and only one deformation band is presented for both alloys. There is
not much difference between the two sets of treatments, if only an improved rheological
behavior of the alloy is the objective. However, it has to bear in mind that the treated alloy
is eventually transformed into engineering components where mechanical properties are
important. The mechanical properties are not only dependent on the primary a-Al phase,
but also on the morphology of silicon which is even more critical. Therefore the combined
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treatment is the preferred choice for melt treatment resulting in better die filling and
superior mechanical properties. The modified alloy lies somewhere between the
refined/combined and the base alloy.
The actual as-deformed billets, sectioned longitudinally, are shown in Figure 8.8,
corresponding to the strain-time graphs in Figure 8.7, where the untreated billet (Figure
8.8a) shows the lowest deformation in contrast to the refined and combined treated billets.
It has to be pointed out that the billets were of the same original height and diameter and
the reduction of height is a clear indication of the billet capability to flow under applied
constant pressure. The slight width differences in the three treated billets is due to
longitudinal sectioning which may have been somewhat off-center for the combined treated
billet.
MB-Refmed & Combined
Initial Pressure: 4.88 kPa
100 200 400300
Time (s)
Figure 8.7: Strain-time graphs for melt treatment
500 600
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Figure 8.8: Deformed billets under 4.88kPa pressure;
base alloy (a), refined (b) ,modified (c), and combined (d)
To better understanding the particle size effect during deformation, several tests
were performed on the over-refined billets and typical strain-time graphs are given in
Figure 8.9. Over-refinement is defined as the addition of inoculant in excess of the
optimum percentages of - 0.06-0.08% Ti, and -0.01-0.02% B respectively. With over-
addition, the average circular diameter of the primary a-Al particles in the quenched billets
was reduced by - 5% and the number density increased by -20% (section 5.2.1). The lower
resistance to flow for the over-refined billet shown in Figure 8.9 is solely due to the smaller
particle size of the primary a-Al phase. The deformation in the over-refined billet is even
higher than that of the billet with optimum grain refiner addition throughout the
compression test. However, the drawback of over-refined billets is the formation of Ti-
based intermetallic compounds, as shown in Figure 8.3. It is important to note that the
formation of Ti-based intermetallics in the over-refined condition did not impede the flow
during rheological test. The main negative result of these intermetallics is on the
mechanical properties of the finished product, once the billet is die-cast or forged. They
may act as potential crack initiation sites for the finished product.
The optical photomicrograph in Figure 8.10 compares the deformability of the base
alloy with that of the refined and over-refined billets to further confirm the strain-time
graphs presented in Figure 8.9.
284
0.45 T
0.4
0.35
0.3-
m
oije
©
G
TO
C
Ui
0.25-
0.2-
0.15-
0.1 -
0.05-
/
Base Alloy '• TiB-Refined Over-Refirted
Initial Pressure: 4.88 kPa
/
/
y
y
100 200 300
Time (s)
400 500 600
Figure 8.9: Comparison of the typical strain-time graphs for the untreated, refined and
over-refined alloys
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Figure 8.10: Deformed billets under 4.88 kPa pressure:
(a) base alloy, (b) refined and (c)over-refmed
The superior flow characteristics of the grain-refined billets are attributed to the
reduction of primary a-Al particle size and lower dendrite coherency point (DCP). For
conventionally cast alloys, it is reported that grain refining and modification reduces the
DCP to lower temperatures and thus induces less restriction to liquid mass flow [78]. For
SSM alloys, the fact that dendrites are no longer the dominant morphology reduces the
tendency to form a three dimensional interconnect solid network. Furthermore the grain-
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refined alloy results in finer and more spherical primary a-Al particles with greater amount
of solid-liquid interfacial area where the inter-particle liquid film could assist solid particles
gliding over one another. The finer the particles, the greater the interfacial area which tends
to facilitate the particle slipping and thus easier particle glide should be expected. For
particle to particle contact, firstly the smaller particle size increases the magnitude of
contact area between particles and therefore the applied pressure is better transferred from
particle to particle resulting in easier movement of particles and better flow. Secondly, if it
is assumed the particles slip over one another, the energy required to push smaller particles
over each other is smaller than that required for larger ones.
For the case of Sr-modification, it is proposed that the reduction in the surface
tension of the remaining liquid and lower DCP is the determining factors that improve flow
characteristic of the SSM billets. It has been reported that strontium reduces surface tension
of the melt [104,105], and hence decreases the viscosity to induce better flow within the
SSM billets. By decreasing the surface tension, the wettability of the primary a-Al particles
by the remaining liquid is improved. This is equivalent to having more contact between the
remaining liquid and primary a-Al.
During stirring, thermal and solutal homogenization takes place in the bulk liquid
leading to better fluidity due to the lower surface tension and better wettability. It may be
concluded that the flow around particles could smooth off primary a-Al particles better
producing rounder particles.
8.1.1.4 Liquid segregation
As described before, the billets were compressed uniaxially. The rapid initial
vertical descent of the top plate causes lateral liquid separation in the billet while the solid
particles are compacted and may collide to form agglomerated particles at the center of
billets. The magnitude of segregated liquid zone depends on the deformation rate,
temperature, and particle size and morphology [197].
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Micrographs taken from the center, middle, and wall sections of the billets deformed
at 4.88kPa are shown in Figure 8.11. The microstructures of the central zone are
homogenous regardless of melt treatment. The eutectic liquid (dark regions) appears to
have accumulated mainly at regions near the mold wall. This was expected, since the
applied pressure displaces the residual liquid laterally towards the walls. This phenomenon
is exaggerated during the injection of semi-solid billets in high pressure die casting due to
greater magnitude of applied pressure [152]. The formation of segregated liquid regions is
due to the differences in the density and flowability of the residual liquid and the primary
a-Al particles.
Non-refined, modified, and refined samples show some degree of liquid segregation
in the outer layers near the mold wall, while the combined and over-refined cases show the
least segregation. The absence of liquid segregation for the latter cases may be attributed to
better distribution of primary particles, and finer and more spherical a-Al in the billets. Fine
a-Al solid particles move with liquid without excessive collision and bring about
homogenous distribution of primary a-Al phase. The micrographs presented in Figure 8.11
confirm such hypothesis and show almost no segregation of liquid for the billets with the
combined treatment.
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Figure 8.11: Microstructure of deformed SSM billets from center to the wall;
(a) base alloy, (b) refined,(c) modified, (d) combined, and (e) over-refined billet
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8.1.2 Addition of strontium and boron in the form o
8.1.2.1 Chemical analysis
The optimum additional levels were obtained from the previous trials in sections
5.2.2 and 7.1.2. Table 8.2 shows the final chemical compositions.
Table 8.2: Chemical analysis of A356 alloy (wt. %)
Original
Grain
Refined
Combined
Si
6.6-
6.75
Mg
0.36-
0.4
Fe
Max
0.08
Mn
Max
0.003
Cu
Max
0.001
Ti
Max
0.0058
B
Nil
0.02-
0.03
0.02
Sr
Nil
Nil
0.01
Al
bai.
8.1.2.2 Structural analysis
Figure 8.12 shows the refining and combined effects of B and Sr additions. As it
was proved in section 5.2.2, boron is a superior refiner and with its addition, average
circular diameter of the primary a-Al particles reduced ~4.2% and number density
increased by -23%. The smaller and more spherical primary a-Al particles with overall
higher amount are obvious in the structure as seen in Figure 8.12b. Smaller primary
particles play an important role on the flowability of the slurries and as it will be shown
later, refined alloy has better flowability.
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Figure 8.12: Microstracutral evolution of as-quenched SEED samples (from
598.5±2.5°C) (a to b): (a) original alloy, (b) grain refined with 210ppm B,
and after compression tests (c & d): (c) deformed "a", (d) deformed "b"
By Sr and B combination, it is expected to have fibrous morphology of eutectic
silicon but as it was discussed in section 7.1.2, this evolution is not uniform and
homogenous through out the billets. It means that some parts are fully modified while
others are partially modified as noticeable in Figure 8.13b.
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Figure 8.13: Optical micrographs showing the effect of strontium addition to the refined
billet: (a) 290ppm B , (b) 170ppm B and lOOppm Sr
8.1.2.3 Strain-time graphs
The formability of the alloys with B-refining and combined treatment (B and Sr)
was also studied as shown in Figure 8.14. The superior formability of the boron-treated
alloy as an enhanced refiner is clear in the strain-time graphs with the highest strain at any
time belonging to the B-refined slurries. Comparing the deformed billets also verifies the
superior flow characteristics of the sole boron treated billets (Figure 8.15). As mentioned in
chapter 5, by refiner the size of the primary particles decreases which is associated with
more potent nuclei in the system, and results in improved flow behavior. With simultaneous
treatment, i.e., Sr and B, the ability of boron to refine the alloy decreases since the high
affinity of boron for strontium leads to the formation of SrBe compound. The remaining B
is therefore not adequate to reduce particle size as in the case of sole B addition. Hence, the
primary particles size are not as small as sole B addition and finally lead to less
deformation as shown in Figure 8.14. Another disadvantage of combined treatment is the
non-homogenous structure of the silicon eutectic which leads to non-uniform mechanical
properties and premature failure.
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Figure 8.14: Strain-time graphs showing the effect of sole boron and combined B&Sr
additions on the flow characteristics of the SEED billets
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Figure 8.15: Deformed billets under 4.88kPa pressure
(base alloy, B-refined, and combined from left to right)
8.1.2.4 Liquid segregation
With deformation, liquid separates laterally and causes liquid segregation. It is
worth mentioning that this effect is always a combination of liquid escaping due to the
application of pressure and also tendency of liquid to migrate to lower billet extremes, i.e..
"elephantfooting defect" [122J. By comparing Figure 8.1 le which shows the best condition
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of TiB master alloy addition with Figure 8.16b, it could be deduced that boron-refinement
eliminate liquid segregation by superior distribution of primary particles and consequent
enhanced flowability due to smaller particle size. In the case of the combined addition,
there is almost no segregation.
Center -» Middle •» Wail
(a)
(b)
(c)
Figure 8.16: Microstructure of deformed SSM billets from center to the wall;
(a) base alloy, (b) refined, and (c) combined
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8.1.3 Addition of strontium and boron in the form of AIB2
8.1.3.1 Chemical analysis
The optimum addition levels were measured in sections 5.2.3 and 7.1.2. The final
chemical compositions are shown in Table 8.3.
Table 8.3: Chemical analysis of A356 alloy (wt. %)
Original
Grain
Refined
Combined
Si
6.5-
6.75
Mg
0.36-
0.4
Fe
Max
0.08
Mn
Max
0.003
Cu
Max
0.001
Ti
Max
0.0058
B
Nil
0.02-
0.03
0.02-
0.03
Sr
Nil
Ni!
0.012-
0.016
Al
bai.
8.1.3.2 Structural analysis
Figure 8.17 shows the sole and combined (Sr and B) treatments of the A356 alloy.
Refineability of the alloy could be seen through comparing Figure 8.1a and 8.17a. With
boron refining, circular diameter of the globules decreased by - 5% while number density
increased by ~18%.
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Figure 8.17: Optical micrographs of quenched samples (a & b):
(a) grain refined with 225ppm B, (b) combined treatment, 230ppm B, 112ppm Sr, and
after compression (c & d): (c) sample "a", (d) sample "b"
As discussed in section 8.1.2, with combined additions of B and Sr, non-
homogenous modification will be observed which is shown in Figure 8.18. Inconsistent
modification levels are obvious in these micrographs.
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Figure 8.18: Effect of Sr addition on the deformed billets:
(a) 288ppm B , (b) 313ppm B and 160ppm Sr
With isothermal holding, an interesting phenomenon which is normally seen in
thixocasting is observed; namely "entrapped eutectic". With holding the samples at a
constant temperature, a-Al particles grow as elaborated in section 8.1.1.2 and with
increasing in size and sintering the primary particles, liquid encapsulated to form entrapped
areas (later this liquid transforms to eutectic mixture during quenching process). This
process of liquid entrapment may also be assisted by agglomeration mechanism related to
the application of external forces.
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Figure 8.19: Optical micrographs showing the entrapped liquid:
(a) refined with 288ppm B , (b) with 313ppm B and 160ppm Sr addition
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8.1.3.3 Strain-time graphs
It was demonstrated in section 8.1.2.3 that the formability of the sole B-refined
alloy was better than the initial and combined treated slurries. As discussed in section
5.2.2.1, both master alloys are capable of enhanced refinement which is contributed to the
presence of AIB2 particles, dissolved boron in the aluminum matrix, and transformation of
AIB12 to AIB2 particles. As a result, this effect is not related to the type of the boron master
alloy used and it is the same for both. While untreated alloy has the lowest deformation, the
strain rate increases rapidly and strain shows the highest value by boron inoculation. The
combined effect has the moderate value which confirms the interaction of B and Sr
followed by formation of SrBg (Figure 8.20). Better deformability of the boron treated billet
is also clear in Figure 8.21.
0.45 Base Alloy B-Refined
Initial Pressure: 4.88 kPa
100 200 400300
Time (s)
Figure 8.20: Strain-time graphs for B and B-Sr additions
500 600
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Figure 8.21: Deformed billets under 4.88kPa pressure
(base alloy, B-refmed, and combined from left to right)
8.1.3.4 Liquid segregation
Liquid and solid redistribution pattern after deformation process is shown in Figure
8.22. Untreated alloy, Figure 8.22a, has a large liquid segregation area while by boron
addition, homogenous distribution of primaries along the entire section of billet is clear.
Liquid segregation in the case of combined treatment is also decreased but not as much as
the refined alloy (Figure 8.22c).
Center -> Middle -» Wall
(a)
(b)
(c)
Figure 8.22: Microstructure of deformed SSM billets from center to the wall;
(a) original alloy, (b) refined, and (c)combined
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8.2 Rheological tests for Com356 alloy
8.2.1 Addition of titanium, boron, and strontium
8.2.1.1 Chemical analysis
Finding a correlation between structural development and deformability of the alloy
is the main concern in this chapter. In this section, the comparison is made for commercial
alloy, with Ti content in the original ingots. The optimum additional level was measured
from the previous experiments and the final chemical compositions are listed in Table 8.4.
Original
Grain
Refined
Modified
Combined
Tabk
Si
7.0-
7.2
: 8.4: Chemical <
Mg
0.35-
0.36
Fe
0.07-
0.08
malysis
Mn
0.012
of Com3 56 alloy (wt. %)
Cu
0.002
Ti
0.09-
0.1
0.12-
0.13
0.09-
0.1
0.12-
0.13
B
Nil
0.006
Nil
0.006
Sr
Nil
Nil
0.015-
0.017
0.011-
0.012
Al
bal.
8.2.1.2 Structural analysis
As proved in section 5.3.1, due to the pre-existed Ti in the alloy, the resulting melts
have higher values of GRF and hence the dendritic growth is restricted as far as possible.
Figure 8.23 shows the microstructural evolution due to the refined and combined
treatments. With refining, the primary a-AÎ percentage and its quantity increase slightly.
These augmentations are not as much as the A356 alloy since the original titanium level in
the commercial alloy could overshadow the refiner effect.
Figure 8.23 d, e, and f also show the usual coarsening effect of isothermal
compression tests. It has been shown quite clearly that by isothermal holding at 598 ±2°C,
the particles not only grow and become larger, but also contacts between the primary a-Ai
particles increases. These higher contacts are due to the compression force and diffusion at
higher temperatures.
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Figure 8.23: Microstmcutral evolution of Com356 quenched samples (a to c):
(a) base alloy, (b) grain refined, (c) combined treatment
and after pressing (d to f): (d) sample "a", (e) sample "b", (f) sample "c"
In the modified and combined cases, not only the percentage of the primary phase
increases, but also the eutectic silicon morphology is changed. As seen in the deformed
micrographs, Figure 8.24, the Sr addition causes morphological evolution of eutectic silicon
from lamellar to fibrous structure. Also it seems that the primary a-Al particles are
encapsulated by the eutectic regions.
'. ' .|oirn
(a) (b)
Figure 8.24: Effect of Sr addition in the deformed billets:
(a) non modified , (b) 164ppm Sr addition
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8.2.1.3 Strain-time graphs
Effects of different treatment on the formability of billets are shown in Figure 8.25.
Higher strain or better flowability is always related to the refined alloy treated by TiB
master alloy. By strontium addition, surface tension of the liquid decreases and this is
believed to be the main reason for improving in the slope of the modified curve. Combined
treatment shows itself as a lower limit of the refined curve in the strain-time graphs.
Comparing the results here with A356 alloy, Figure 8.7, it appears that both alloying
systems have the same trend in strain values before and after melt treatment. However it
should be emphasized that the strain values for untreated alloy are higher in the case of
commercial 356 alloy which is associated to the pre-dissolved titanium in the alloy and its
role on increasing the GRF value. This topic will be elaborated more in section 9.1.
— Base Alloy TiB-Reflned Modified
Initial Pressure: 4.88 kPa
Combined
100 200 300
Time (s)
400 500 600
Figure 8.25: Strain-time graphs for entire treatments
Figure 8.26 compares longitudinal sections of the pressed billets with different
deformation under 4.88kPa pressure.
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Figure 8.26: Sectional view of the ddeformed billets under 4.88kPa pressure
(base alloy, refined, modified, and combined from left to right)
8.2.1.4 Liquid segregation
The microstractural changes from center to the wall of the deformed zones of the
billets are shown Figure 8.27. As seen, the central parts are almost unchanged and there is
no difference regardless the melt treatment. In the deformed billets, the liquid segregated
adjacent to the wall due to the application of vertical force. Liquid segregation is
unavoidable for the base alloys both in A356 and Com356 groups. This zone in the refined
case appears to have the same segregation pattern as the base alloy with slightly more
uniform pattern which is believed relates to the overshadowing of the refiner effect by the
pre-dissolved titanium in the melt. The same pattern also exists for the modified sample
however in the combined case; the segregation pattern is disappeared to some extent.
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Figure 8.27: Microstructure of deformed SSM billets from center to the wall;
(a) base alloy, (b) refmed,(c) modified, and (d) combined
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CHAPTER 9
COMPLEMENTARY RESULTS
9.1 Effect of dissolved Ti on the a-AI grain and globule size
As mentioned in sections 2.2.7 and 2.1.2.2, the chemistry of the melt plays an
important role in the grain refining. Small additions of the alloying elements reduce more
or less the grain size of the solidified structure depending on their efficiency. Amongst
different alloying elements, Ti is the most important one and as it was shown in Table 2.3,
it has the largest GRF value and apparently the highest growth restriction effect on
aluminum. In this part of the research, effect of Ti-content has been studied in different
casting processes, i.e., conventional and semi-solid casting. The final chemical
compositions are listed in Table 9.1.
Table 9.1: Chemical analysis of the melts (wt. %)
356 without Ti
356 with Ti
Si
6.5-6.8
Mg
0.35-
0.39
Fe
0.07-
0.08
Mn
0.002-
0.012
Cu
0.001
Ti
Max 0.0058
0.1-0.13
B
Nil
Al
bal.
9.1.1 Conventional casting
9.1.1.1 Thermal analysis
Figure 9.1 illustrates the effect of Ti in solution on the early stages of solidification
for two different Ti concentrations in 356 alloys. As it is evident, titanium increased the
nucleation temperature of the melt. According to thermodynamic calculations, by using
ThermoCalc for approximately the same alloy composition, Figure 5.8, it is confirmed that
305
the liquidus temperature for this alloy is ~ 611°C and the solubility limit of Ti is ~
0.12%wt. With increasing Ti, solidification starts at higher temperatures. It has to be
emphasized that there may be some discrepancies between Figure 5.8, the ThermoCalc
calculation, and the results presented in Figures 9.1 and 9.2, regarding the nucleation of
primary a—Al. This is purely attributed to ThermoCalc calculation being under equilibrium
condition while the current study is under non-equilibrium condition including higher
cooling rate and presence of other alloying or trace elements.
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Figure 9.1: Typical cooling curves for a selection of samples (central thermocouple) of
356 alloys with different Ti levels
Figure 9.2 shows nucleation (TIIUCAI) and recalescence temperatures of the primary
a-Al particles. The concept of increasing the liquidus temperature could easily be seen in
Figure 9.2 where TnucAi is increased by 2-3°C to about 617°C by alloying with Ti. This
augmentation is shown by ThermoCalc calculation in Figure 5.8 but with lower rate due to
the equilibrium condition. The solidification undercooling is also decreased by -~]°C with
Ti addition. The greater reduction in solidification undercooling is expected to render finer
structure. Such conclusion is based on the fact that the lower undercooling is an indication
of easier nucleation of primary a-Al particles and thus more nuclei are expected to form,
i.e. the nuclei density increases, with final structure becoming finer. The mechanism of
refinement is further discussed in the next section.
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Figure 9.2: Effect of Ti in solution on the nucleation temperature and AT recalescence
(undercooling) of primary a-Al particles
9.1.1.2 Structural analysis
Figure 9.3 shows the microstructural differences between the 0.0058% and 0.13%
Ti containing alloys. As it is evident, the alloy with 0.13% Ti has finer dendritic structure,
and the grain growth appears to have been restricted, i.e. the number of grains per unit area
has increased.
It may be argued that such refinement is due to the more effective nucleation, not
the growth restriction capability of Ti. In order to clarify this issue, it is helpful to define
the two concepts of "grain refining" and "grain growth restriction". The former is
dependent primarily on the presence and then the size, population, and morphology of
nucleants, i.e. independent Ti-based compounds, while the latter is about the dissolved Ti in
the a-Al matrix and its diffusion across solid-liquid interface. It is believed at this level of
Ti concentration, it is rather unlikely and remote to have independent Ti-based particles
since the formation of Ti-based compounds begin only at Ti%>0.12. Therefore, the
concerning issue should be the diffusion of Ti at the solidification interface and its rate
controlling role on the primary a-Al growth. The growth restriction concept is thus more
acceptable than the formation of Ti-based nucleants to render more effective nucleation,
especially at the early stages of solidification. However, it may be true to assume that in a
307
localized volume such diffusion of Ti may eventually lead to the formation of Ti-based
nucleants, but this is a time dependent event and surely not at the beginning of
solidification, i.e. the diffusion of Ti is a pre-requisite for such mechanism.
(a)
Figure 9.3: Effect of Ti in solution on the microstructure:
(a) with 0.0058%Ti, (b) 0.13%Ti
9.1.2 Semi-solid processing
9.1,2.1 Structural analysis
Optical micrographs in Figure 9.4 show the resulted microstructure in the SEED
process. As it is evident, the primary a-Al particles in both samples are almost fully
globular. The fine eutectic structures in both figures are due to the quenching of billets in
cold water which also prevented further coarsening of primary a-Al particles.
Although the microstructure of 356 alloy containing 0.13% Ti appears to be slightly
refined, Figure 9.4, the effect of dissolved Ti on the microstructure is better realized if it is
characterized quantitatively. Therefore, both quantitative metallography and rheologicai
tests were carried out on different Ti-containing alloys, to highlight grain growth restriction
which will be described later.
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Figure 9.4: Optical micrographs in the SEED process: (a) O.QQ58%Ti, (b) 0.13%Ti
The concept of structural refining with dissolved Ti may be explained with
reference to constitutional supercooling where the growing primary a-Al dendrites reject Ti
into the solid-liquid interface as they grow. The rejected Ti atoms build up ahead of the
solidification interface and form a Ti-enriched boundary layer. This is graphically
illustrated in Figure 9.5 where the concentration of Ti at the boundary layer varies for
different Ti concentrations due to differences in the diffusion fluxes for different Ti
ÕC
contents. The value of diffusion flux, —-, is greater for 0.13%Ti than that of 0.0058.
ox
Therefore, the degree of constitutional supercooling is much greater for 0.13% Ti than that
of 0.0058% Ti. Equally, the boundary layer thickness is greater for higher Ti content alloy
as schematically illustrated in Figure 9.5. As pointed out by Kurz and Fisher [23], the
equivalent boundary layer thickness (ôc) is inversely proportional to growth rate, (V), for
an alloy solidified at different growth rates, as given in equation 9.1. Since higher growth
rates are equivalent to lesser diffusion and rejection of solute element into the boundary
ôc
layer (lower—). it may be acceptable to consider higher concentration of solute element
5t
within the boundary layer is equivalent to that of lower growth velocity or greater thickness
of this layer. This is indeed the concept of growth restriction discussed earlier.
& . = — (9.1)
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Where D is the diffusion coefficient for dissolved titanium. Furthermore, as the
concentration of Ti increases at the interface, it may reach the level where new nucleants of
AI3TÍ could form within the interface layer. The presence of such particles encourages the
formation of new a-A! nuclei within the interface. This is in line with the cooling curves in
Figure 9.1 where solidification undercooling decreased with higher Ti addition. The newly
formed a-Al particles are expected to reject Ti into the newly formed interfaces as they
grow. The repetition of such mechanism ensures the formation of finer and more equiaxed
and spherical particles as observed in 0.13%Ti added 356 alloy, Figure 9.3. and 9.5.
6: Thickness of boundary layer
(urn)
T,: Liquidus temperature (K)
Ts: Non equilibrium solidus
temperature (K)
Tq: imposed temperature
gradient (K)
Figure 9.5: Schematic of constitutional undercooling in different solute buildup
(higher and lower Ti are indications for-0.1-0.2%Ti and ~0.0l%Ti respectively)
The results of quantitative metallography are presented in Figure 9.6. The mean
globule size, average circular diameter, appears to have decreased with increasing Ti
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content. Nevertheless, the globule size was always less than lOOum regardless of Ti
concentration which is an indication of the process capability in producing high quality
rheocast billets [158].
The rise in the number of a-Al particles per unit area (mm2), number density,
coupled with the reduction of area to perimeter ratio, A/P, indicate microstructural
refinement leading to the formation of more isolated and finer particles in the Ti-content
billets.
From solidification point of view, with the addition of growth restricting elements
such as Ti, dendrite growth tends to slow down in direction opposite to heat flow
approaching those of the lateral growth. The overall growth therefore tends to be more
radial and the resulting structure should be more globular., The formation of spheroidal
particles are critical on the rheological behavior of the slurries as discussed later in this
article. This is clearly shown by the reduction in percentage of the primary a-Al particles
with aspect ratio greater than 2. The formation of more spherical particles is further
supported by the rise in the percentage of particles with sphericity number greater than 0.8
with increasing Ti content (Figure 9.6b&c).
As pointed out before, the final stage in the SEED process is draining a portion of
the remaining liquid from the system to have a self standing billet. The quantity of drainage
may be regarded as an indication of fluidity in micro scale, micro-fluidity. It has to be
emphasized that this may be contradictory to the classical meaning of fluidity which is
normally defined as the distance to which a metal will run before solidification. That is why
the concept of "micro-fluidity" is employed, "the flow of molten alloy through a network of
primary a-Al particles". Figure 9.6d illustrates more drainage of the remaining liquid with
higher Ti in solution. This may be due to the formation of spherical particles within alloy
having higher Ti and thus the ease of liquid flow through the less complex inter-particie
channels. This concept could be compared to that of the dendrite coherency point (DCP) in
the conventional casting and the fact that mass flow persists further, i.e. postponement of
DCP to lower temperatures, with grain refining [78].
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Figure 9.6: Image analysis parameters for 356 alloys: (a) circular diameter & number
density of a-Al particles, (b) area/perimeter & percentage of ot-Al partciles having aspect
ration >2, (c) sphericity percentage, and (d) drainage
9.1.2.2 Strain-time graphs
The effect of a-Al morphology on the ability of billets to deform is clearly
detectable in the strain-time graphs presented in Figure 9.7. Three distinct regions may be
recognized on these graphs as reported before [186]:
• Stage 1, where the billet flows almost without any resistance to applied pressure, it
may be attributed to easy movement of the primary a-Al particles within the
residual liquid and without appreciable collision. The extent of this region is
dependent on the degree of globularity of the primary a-Al particles.
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This is in agreement with Chen et al. results [199] where they proposed lateral
liquid flow coupled with solid particles movement towards each other in the vertical
direction as the main cause of easy flow during step-I. They also pointed out that step-I
brings about solid/liquid segregation within the deformed billet. As it is evident, the extent
of this region appears to be dependent on Ti concentration where less resistance to
deformation is shown for higher Ti content.
• Stage II, where there is some degree of resistance to flow. This is due to the
collision of solid particles and formation of a-Al agglomerates. The agglomerated
chunks are the resisting constituents to billet flow.
This is also similar to what has been reported by Chen et al., where cooperative
movement of solid and liquid phases is responsible for billet deformation. This is
accompanied by some degree of resistance to flow where solid particles not only move
vertically but also laterally. For constant force, the slope of the curve should decrease due
to this resistance. As for the stage I, the ability of billets to deform increases with increasing
Ti content.
Both stages I and II are regarded as non-steady state, since the slope of the graphs
vary with time. The reducing trend in the slope may be attributed to mainly the collision
and agglomeration of the primary a-Al particles.
• Stage III, where the billet flows almost steadily with a constant slope. It is believed
the two processes of agglomeration and de-agglomeration have reached an
equilibrium state, i.e. quasi steady state equilibrium.
This is the stage which is believed to have been neglected by Chen et al. [199].
They have defined step III as the section that the deformation force increases sharpiy since
it should overcome the friction generated from the sliding between solid particles and also
affecting by surrounding particles. This is believed to be stage IV according to the current
study, where the deformation force for this step should be larger than the last steps.
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As for the stages I and II, the ability of billets to deform in stage III increases with
increasing Ti content.
The changes in the billets deformability due to the primary a-Al particles size and
distribution are clearly detectable on the graphs in Figure 9.7. The alloy with almost no Ti
shows the lowest strain values while the commercial 356 billet deforms at much higher
range due to smaller globule size as already discussed. As mentioned in section 8.1.1.3, the
billets with more globular and finer microstructure yield greater engineering strain and
result in better flow. In other words, the superior flow of the alloy with higher Ti content is
due to its structure having more globular and finer grains which enables it to flow better.
Furthermore, the parameters from Figure 9.6, especially average circular diameter and
number density of a-Al particles, clearly support the conclusion that the billet with higher
dissolved Ti has more globules with smaller size.
0.3 T f—A356(0.0058%Ti) 35tTalloyiO^%fi)j
4.88KPa initial pressure
100 200 400300
Time (s)
Figure 9.7: Strain-time graphs for different Ti in solution
500 600
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9.2 Effects of pouring temperature on the structural evolution
Solidification is governed by nucleation and growth of primary crystals from the
melt, where nucleation controls the size of grains formed and growth determines the grain
morphology and the distribution of alloying elements within the matrix. The driving force
for nucleation is the degree of undercooling created during solidification and growth is
controlled by the temperature gradient in liquid. Both are however affected by the rate of
heat extraction from the melt. The final structure is therefore dependent on the nucleation
density, growth morphology, fluid flow, and diffusion of solutes. The latter two control
refining, i.e. mechanical or thermal remelting, and coarsening of the as-cast structures, i.e.
ripening. Therefore close control of casting conditions, such as pouring temperature, rate of
heat extraction from the melt (cooling rate), nucleation sites (employment of grain refiners)
and temperature distribution within the melt (temperature gradient), may result in formation
of the desired as-cast structure. The above mentioned approach could easily be employed
for semi-solid products through application of low pouring temperature as a SSM technique
which was described in section 3.1.1.8
9.2.1 Experimental procedure
Melt preparation in this study was the same as mentioned in chapter 4. A similar
casting procedure was employed to cast billets with the same setup but without any mold
stirring and drainage. The sample with no stirring will be referred as "conventionaF. Pre-
alloyed ingots of 356 with the chemical composition given in Table 9.2, was poured in the
same steel mold of 75 mm diameter and 250 mm long at different superheats, ~ 0 - 80°C. In
all experiments, the mold was tilted to reduce turbulence during pouring. Figure 9.8 shows
schematically the actual experimental setup. The billets were taken out of the mold while
still in the mushy zone and quenched quickly in cold water. The quenching temperature
was registered within 592-597°C in all trials.
In all cases, two K-type thermocouples were installed at the mold center and near
the wall with their tips at 80 mm from the bottom of the mold to monitor temperature
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distribution of the bulk liquid during solidification. The cooling rate during solidification
above the liquidus temperature was ~4 °Cs"!.
Si
6.9-7.1
Table 9.
Mg
0.3-0.31
2: Chemical analysis of the
Fe
0.09
Mn
0.001
Cu
0.001
melts (wt. %)
Ti
0.13
B
Ni!
AI
bal.
K*type thermocouples
• 1
Figure 9.8: Experimental set up for pouring process tests
9.2.2 Thermal analysis
The cooling curves of Figure 9.9 represent temperature variations of the liquid near
the mold wall and the center. It is noticeable that there are two different cooling regimes for
the wall and central areas at the beginning of each trial, but an almost uniform cooling rate
is reached later on during the test. The melt temperature is always higher at the centre of the
mold immediately after pouring, which is contributed to the mold wall chill effect. There
are three distinct regions identified on the cooling curves of Figure 9.9 as follow:
• Segment-E; the maximum temperature difference between the wall and center of the
cast billet, seen at the beginning of solidification.
• Segment-íí; the solidification time which extends between the maximum
temperature difference between the wall and center of the billet up to the point
where a uniform cooling rate is established within the bulk liquid. This is labeled
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the "metastability period", since the bulk liquid has not yet reached thermal
equilibrium.
• Segment-Ill; the time between the beginning of uniform cooling rate and
quenching. This is labeled as the "stability period", due to uniform cooling rate
through out the bulk liquid.
It is evident from Figure 9.9 that the melt temperature near the mold wall is different
for three pouring temperatures of 615, 645, and 695°C with 615°C being heavily
undercooled. Furthermore, the rise in the wall temperature following pouring is greatest,
~10°C, for the lowest pouring temperature of 615°C. Such temperature rise can only be
justified by either a rapid phase transformation, released latent heat of fusion, or rapid heat
flow from the central regions towards the wall due to large temperature difference, segment
I, established at the beginning of solidification. It is also noticeable that the magnitude of
segment-I decreases with increasing pouring temperature as plotted in Figure 9.10. It has to
be mentioned that the segment-I is regarded as the driving force for the heat flow across the
bulk liquid, so its reduction must prolong the time where uniform cooling rates are
established within the mold. This should be evident in the duration of the metastability
period, the time where the molten metal cooling rates near the wall and center of the mold
approach a uniform value. The extent of metastability period increases with increasing
pouring temperature, Figure 9.10. The optical micrographs shown in Figure 9.11 clearly
illustrate the effect of pouring temperature on the resulting microstructure.
317
Center i
Wall h
QQU
650-
640
630 •
i , 620-
| 610-
I 600-
590-
580 -
570-
560-
1 - en eos* P-Center??5J? UWal,
! \
- • - - - • -
" " " ^ " " - - - - i SS a ^L^^
_i , , , . . . ; ,
200 250
Time (s)
Figure 9.9: Typical wall and center cooling curves
for 615, 645, and 695°C pouring temperatures
318
140
120-
100 -
•D
O
80-
1 60
40-
20-
-Metastability period •«- Maximum temperature difference |
-30
•25
• •20
-• 15
- • 1 0
- • 5
610 620 630 640 650 660 670 680 690 700
Pouring Temperature (°C)
Figure 9.10: Effect of pouring temperature on the metastability period and temperature
variation across the bulk liquid
Accordingly, based on the aforementioned observations, two hypotheses put
forward to explain the fine grained globular structure seen in Figure 9.11. They are based
on either nucleation or growth processes as the domineering factor on the formation of the
primary a-Al particles. However, it is believed that both hypotheses are active, but in order
to clearly identify the dominant mechanism, further solidification tests are required which
is beyond the defined aims of the current research program.
• Nucleation-based hypothesis
The highly undercooled melt near the wall at low pouring temperature explodes
with a large number of nuclei, big bang or copious nucleation, to lift up melt temperature
with the released latent heat of fusion. However, as seen in Figure 9.9, the temperature rise
near the mold wall is not sufficient enough to pose any threat to solidification by remelting
the nuclei even for the lowest pouring temperature, nor the total heat content of the melt.
The rate of temperature rise near the wall is greater for lower pouring temperature due to
higher nucleation frequency and thus shorter times for the metastability period. The central
parts however solidify in normal manner, but assisted by the floating nuclei, due to fluid
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flow during pouring and natural convection from the wall region to eventually establish a
uniform cooling rate. The probability of such nuclei to survive is much greater at lower
pouring temperature and the uniform and multi-directional cooling, due to the geometry of
the mold, promotes the formation of fine grained equiaxed as-cast structure as clearly seen
in Figure 9.11 for 615°C pouring temperature.
• Growth-based hypothesis
The formation of fine grained equiaxed structure at lower pouring temperatures is
also dependent on the growth characteristics of the nuclei. The very large temperature gap
between the wall and center during the early stages of solidification, Figure 9.9 at 615°C,
encourages faster heat flow towards the mold wall. As a result, the molten alloy near the
mold wall acts as a heat sink. However the mold coating coupled with resulting air gap and
assisted by the mold thin wall reduces the rate of heat dissipation through the mold wall
into the surrounding environment to increase the melt temperature near the wall. In other
words, a uniform temperature distribution is established within the bulk liquid which occurs
at much shorter time at the lower pouring temperature of 615°C. This is supported with its
shortest "metastability period". As a result, the rate of heat flow towards the mold wall
diminishes and the growth rate is reduced much sooner for the 615°C pouring temperature.
This is coupled with multi-directional heat flow due to the mold geometry and promotes the
formation of equiaxed and globular structure as shown in Figure 9.11, i.e. 615°C.
As pouring temperature increases, the mechanism of copious nucleation is less
pronounced and there are fewer nuclei exist in the bulk liquid which eventually lead to the
formation of a coarser structure. The severity of recalescence also decreases with increasing
pouring temperature which supports the hypothesis of lower nucleation frequency. It is
important to re-emphasize again the fact that there is longer metastability period at higher
temperature, e.g. 695°C, which encourages better development of primary a-Al particles
and the formation of more classical dendritic morphology as illustrated in Figure 9.11.
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9.2.3 Structural analysis
The optical micrographs in Figure 9.11 show the microstructural changes for the
conventional quenched billets. As it is evident with increasing the pouring temperature,
increasing the superheat, the morphology of primary ot-Al particles becomes more
dendritic. As the superheat is reduced, lower pouring temperatures, the morphology
changes to rosette and equiaxed and eventually with ripening process, i.e. remelting of
thinner arms and growth of thicker arms, they become globular. The process of ripening
which is analogous to Ostwald ripening for precipitates in solids, is clearly detectable in
Figure 9.11 (675°C, arrowed). Furthermore, as the pouring temperature approaches 615°C,
the melt is no longer superheated. As it was described, the mold itself reduces the rate of
heat extraction from the mold wall and thus establishes a shallow temperature gradient
within the molten alloy. Such low temperature gradient (G), encourages the wide spread
nucleation of primary ct-Al particles within the melt and consequently the formation of
equiaxed and eventually globular structure as shown in Figure 9.11 (625 and 615°C).
(a)
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Figure 9.11: Morphological evolution within different pouring temperatures:
(a) 695, (b) 675, (c) 645, (d) 625, and (e) 615°C
9.2.4 Image analysis
Image analyzing was done as described in the experimental procedure and the
results are shown in Figure 9.12. The image processing results may be summarized as
follows;
• With decreasing pouring temperature, average circular diameter decreased while
number density increased. This finding is supported by decreasing the A/P ratio and is
in line with optical micrographs presented in Figure 9.11, where as pouring temperature
decreased, the morphology of primary a-Al phase becomes finer and less dendritic.
It is emphasized again that image analysis technique is the reproduction of the
microstructure which is not exactly the same being studied. Therefore, it should always be
kept in mind that what image analysis can not do, for example in the quenched
conventional billets; it could not differentiate between the branches of dendrites and
globules, Figure 9.13. As it could be seen, image analysis only detects the differences
between individual particles and ignoring the origin of isolated particles. It means that the
way dendrites intersect the polish surface may generate individual isolated particles.
However, even with considering this point, data shows good correlation with changing
pouring temperature.
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• With decreasing pouring temperature, equiaxed solidification appears to be dominant
and growth is in all directions, so globularity and sphericity increased (Figure 9.12d).
For better observation, the distribution of particles with different sphericity is shown in
percentage scale in Figure 9.14. It could be seen that the percentage of sphericity
greater than 0.9 is abruptly shifted to higher level for 615°C which is an indication of
more globular particles within such billets.
• For better interpretation, the aspect ratio was divided into two series of data, i.e., the
average and the percentage of aspect ratio greater than 2. Both graphs prove that with
increasing the pouring temperature, the formation of dendrites is promoted, i.e. the
aspect ratio increased.
• The overall conclusion is that controlling of pouring temperature is an effective way to
change the morphology of the primary a-Al phase.
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Figure 9.14: Statistical graphs showing the variation of sphericity percentage for 695 and
615°C
9.3 Effects of stirring on silicon distribution
For SSM processing of Al-Si alloys, there are two important microstructural
features which influence the properties of the finished products. These are size, shape, and
volume fraction of the primary a-Al phase and the morphology of silicon within the
eutectic regions, eutectic silicon. It is well known that the irregular growth mode of eutectic
Si can be modified by the addition of modifiers such as Sr or Na as the results of the current
comprehensive study are shown in chapter 6.
The stirring technique is known to control the morphology and size of the primary
a-Al particles and the modification process is to alter the morphology of the eutectic
silicon. The classic morphology of silicon is flaky or acicular which is quite susceptible to
cracking too. Special thermal treatment or addition of modifying agents such as Sr or Na
could change the morphology of these flakes and improve mechanical properties. In this
section, attempts are made to show that stirring not only generates a globular structure, but
also decreases the size of the flakes in unmodified and stirred Al-Si hypoeutectic alloy.
In these series of experiments, binary Al-7%Si alioys with the chemical
composition given in Table 9.3 were prepared according to the experimental procedure
given in chapter 4.
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Table 9.3: Chemical analysis of the melts (wt. %)
A17Si, no Stirring (Conventional)
A17Si, SEED
Si
7.29
7.12
Fe
0.08
0.08
P
0.0002
0.0002
Sr
Nil
Nil
Al
bal.
bal.
It is important to note that for the experiments with no stirring, the liquid was
poured in the same mold without stirring. In both processes, billets were water quenched
from 591±2 °C. The quenched billets with no stirring are referred as "conventional".
9.3.1 Structural analysis
Figure 9.15 compares the billets microstructure cast by conventional and SEED
processes. The application of stirring in the SEED process leads to morphological evolution
of the primary a-Al phase from dendritic to globular and rosette structure. The average area
percentage of the primary a-Al phase is -60% for both SEED and conventional processes.
This is higher than that expected from the Al-Si equilibrium phase diagram which can be
attributed to:
• Inefficient quenching method; formation of eutectic colonies confirms the
ineffectiveness of water quenching in preventing further liquid -^ solid transformation
from the quenching temperature. This could be due to vapor formation around the billet
which prevents effective quenching,
• Growth of the primary particles is another possibility for inaccuracy in the
measurement. During transferring and quenching period, remained liquid may also
precipitate on the pre-quench primary solid phase.
• Depressing eutectic line to lower temperatures due to quenching
• The drainage of liquid in the SEED process which results in higher percentage of
primary a-AS phase within the mold.
On the other hand, with application of stirring, the silicon morphology becomes
finer as seen in Figure 9.15. In unstirred sample, the eutectic silicon has long flaky
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morphology while in the stirred condition, the morphology is still the same but much
shorter and interestingly, they appear to have bent probably due to the flow. The changes in
Si particles are easier to detect in the inverted photo micrographs presented in Figure 9.16.
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Figure 9.15: Optical micrographs showing the effect of SEED process on the
formation of silicon particles; (a) unstin-ed, conventional, (b) SEED process
(a) (b)
Figure 9.16: Inverted images of the eutectic region;
(a) unstirred, conventional, (b) SEED process
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The finer and more compacted Si is more desirable than acicular morphology as it
improves mechanical properties. In conventional foundry practice, Sr is added to modify Si
morphology, but Sr addition increases the porosity formation, which is detrimental to
properties. As a result, the modification of Si particles achieved by stirring is of great
importance as porosity is no longer an issue.
SEM micrographs of conventional and SEED quenched billets are shown in Figure
9.17. Flake morphology is clear in both samples and inter-silicon spacing in both cases is
small which is due to the high cooling rate. The more compacted lamellar structure in the
SEED billet is due to the fluid flow and thermal uniformity within the SSM billets.
,*
(b)
Figure 9.37: SEM micrographs of quenched non-modified samples:
(a) conventional, (b) SEED
Comparing conventional and SSM quenched A17Si billets has shown that the size of
the flakes is altered by stirring, i.e., flake length is decreased and it seems that most of them
are bent. This phenomenon could be explained from two different aspects;
• By stirring, the distribution of the remaining liquid in the bulk of the material is
improved. The enhanced distribution of liquid pools and the fact that the a-Al particles
act as heat sink for the small pools of eutectic liquid, the final silicon flakes are smaller
in the stirred condition.
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• On the other hand, the forced convention applied during stirring has a paramount role
on the solute distribution. In the unstirred case, the distribution of solutes in the
remaining liquid is such that it leads to the routine growth of eutectic silicon while with
stirring the solute distribution is more uniform and the solidification pattern is
multidirectional, since heat is no longer dissipated directionally. In this case the size of
eutectic pools is also decreased leading to the formation of smaller silicon flakes.
Bending of the flakes is a good indication of the forced convection effectiveness.
9.3.2 Image analysis
The results of image analysis for eutectic silicon are shown in Figure 9.18, and
summarized as follows;
a With changing the process from conventional to the SEED, the percentage of Si
particles with aspect ratio greater than 2 decreased. It means that the length of the
silicon particles is reduced (Figure 9.18a) and particles are shorter. Figure 9.18b
also shows the average length of silicon particles decreased while its width is almost
constant.
Q Number density of silicon particles remains almost constant and the difference is
within the range of standard deviation (Figure 9.18c). Decreasing of the error bars
are indications of silicon particles having better distribution within the structure.
Some of the lamellar silicon particles in the SEED specimens, Figure 9.16b, seem to
be touching and appear connected. Hence, the image processing software can not
count them as separate particles and this may be the reason for the small difference
in number density values.
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CHAPTER 10
CONCLUSIONS
The current comprehensive research program concentrated on melt treatment during
semi-solid casting of Al-Si foundry alloys. The effects of grain refiner and modifier
additions on the microstructure of Al-7%Si binary and A356 alloys were studied. It further
examined the rheological behaviour of as-treated alloys to establish the importance of the
primary phase morphology on the viscosity of SSM billets.
The conclusions are categorized in the following format to clearly highlight the
main findings in each subgroup of the experiments.
Effects of grain refining
Q Based on the semi-solid metal processing research, it is proposed that solidification
range could be partitioned into two main intervals; the temperature range for the
formation and growth of the primary a-Al dendrites (ATa) and/or iron intermetallics
and the temperature range for the Al-Si eutectic and the secondary eutectic reactions
including the formation of Mg2Si and/or iron compounds (ATeut). Although such
concept is not new, the formation of primary particles could be divided into three
segments of a-Al nucleation, dendrite to rosette and globular transformation, and
coarsening of the primary a-Al particles which is a new approach in SSM alloy
design and treatment.
a Experiments have shown that inoculation shifts the cooling curve up while
decreasing the recalescence. An ideal refiner should have no recalescence and be
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able to increase nucleation temperature. From the SSM standpoint by refiner
addition, a-Al solidification range increases and it has almost no effect on the
remaining solidification range. A wider a-Al solidification range gives more
freedom during SSM processing but side issues such as risk of hot tearing, more
porosity, and micro/macro segregation should be considered.
a Different grain refiner additions have been tested in this work. It was found that
generally refiners increase the nucleation and growth temperatures of primary phase
but the rate at which growth temperature increases is less than that for nucleation
temperature. In other words, refiner causes more nuclei with less potential for
growth. It is quite important to note that these rates depend on the refiner type and
increase with refiner efficiency.
a By using different techniques such as thermal analysis and quantitative
metallography, it has been shown that amongst various refiners, A15TÜB is not as
effective as expected and high additional levels are necessary for improving the
efficiency with the disadvantage of Ti-based intermetallic formation.
a In SSM processing, refiner increases the a-Al percentage, reduces globule size, and
disperses eutectic regions uniformly. Improvement of sphericity and size reduction
of globules are the main advantages of refiner addition since the smaller and
rounder particles give better slurry flowability.
Q According to the results, the optimum percentage of TiB master alloy addition for
the A356 is approximately between 0.06% Ti, 0.01% B and 0.08% Ti, 0.02%B. In
the case of boron master alloys, ~0.02-0.025%B could be enough. For commercial
356 alloy with Ti in solution, most favorable percentage is laid around 0.03% Ti,
and 0.005%B. Higher additions of Ti and/or B resulted in the agglomeration of
intermetallic compounds within the eutectic region.
• Drainage is the final step of the SEED process before quenching which extract a
portion of the remaining liquid to have a self standing billet. With refiner, the
percentage of liquid drainage increased. It is expected to have less drainage due to
the slight increase in a-Al particles percentage. However, since the degree of a-Al
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particles globularity increases, it is supposed to have smooth channels without
interlocking pathways for liquid flow. Furthermore dendrite coherency point, DCP
may play a part, where both stirring and grain refiner addition postpone DCP and
thus mass flow can proceed better and even for longer period. On the other hand,
the greater value for liquid drainage due to grain refiner addition is one of the
reasons for higher a-Al percentage in the billet.
a Minimum efficiency of refiner addition relates to the commercial 356. This is due to
the higher dissolved Ti which results in greater "Growth Restriction Factor"-GRF
values and consequently lesser particles size.
ü Higher additional levels of each refiner lead to the agglomeration of the primary
intermetallic particles in the refiner associated to two reasons. One is coming from
the master alloys themselves having limited solubility in the melt at the
temperatures used. This is evident from their respective iso-pleth diagrams (the
solubility limits of individually added titanium and boron at 700°C are 0.38%Ti and
0.048%B and at 650°C are 0.2%Ti and 0.027%B) and thus the remaining elements
rejected at the interface. In the titanium case, another reason is coming from the
peritectic reaction which causes the formation of AI3TÍ intermetallics for the values
above ~0.12%Ti.
Effects of modification
a It has been shown that a small addition of Sr, i.e. 15O-2O0ppm, is quite adequate in
changing the silicon morphology from flake to fibrous. Furthermore due to the
higher cooling rate and better thermal balance in the SEED process, silicon
morphology in Sr-modified billets is even finer and more compacted than that of the
conventionally cast Sr-modified billets.
3 By measuring different solidification ranges, it becomes obvious that ATa increases
by Sr addition due to the lowering of the main eutectic reaction temperature and as a
result constant value for the total solidification range, ATeut decreases.
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Q Quantitative metallography has proved that by modification, the primary a-Al
percentage rises and since the density of particles (number per unit area) is constant,
the average globule diameter increases. The improved globularity of the Sr-
modified particles could be realized by increasing the percentage of particles having
higher sphericity numbers, particularly those closer to one.
a The higher sphericity number in the modified case could be attributed to the
lowering of surface tension by Sr. By decreasing the surface tension, the wettability
of the primary a-Al particles by the remaining liquid is improved. This is equivalent
to having more contact between remaining liquid and primary a-Al. Lowering the
surface tension causes more flow around the a-Al particles and consequently better
shaving and trimming that causes more spherical and rounder particles.
a Drainage increases with Sr addition and it confirms better flowability of the alloy.
From dendrite coherency point of view, modification postpones the DCP point and
it means that in spite of increasing a-Al percentage, the more continuous liquid
channels exist in the semi-solid structure. However higher values of Sr cause the
formation of Sr-based intermetallics which decreases the flowability of the
remaining liquid.
Effects of combined addition
• By combined addition, a-Al solidification range increases more than sole
treatments. This is due to the shifting of liquidus to the higher values by refiner
addition plus lowering the main eutectic reaction temperature due to the
modification.
• Combined treatment also takes advantages from both treatments. Grain refining
efficacy is obvious through size reduction of globules and more primary particles,
while modification effect could be detected at higher magnification by
morphological changing of silicon particles from lamellar to fibrous. Therefore,
combined addition not only replicates both effects, but also gives the added bonus
of better globularity in the SSM process.
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a SSM quantitative analysis has also confirmed that the combined treatment benefits
from both sides. It was shown that with modification alone the number density of
primary a-Al particles remained unchanged while its percentage increased and
hence the average circular diameter increased. This is not the case for combined
treatment, where the average circular diameter decreased slightly but the change in
number density is more pronounced. This is attributed to the grain refining effect in
shifting the nucleation temperature to higher values and rendering more nuclei to
form per unit volume, overshadowing the modification result.
Rheological behavior
a Basic rheological tests were carried out to characterize microstructural evolution of
the grain refined and modified A3 5 6 Al-Si billets in semi-solid state by using a
compressive flow viscometer. It was concluded that grain refining and modification
treatments improve flow characteristics of SSM billets and improve the viscosity.
a Grain refinement results in formation of smaller particles having better and uniform
distribution with more spherically shaped primary a-Al particles within the "mush".
The resulting material exhibits lower viscosity and better flow.
a The refinement of the grains has been identified as the main reason for better
deformability of billets after grain refining. Modification also plays an important
role through reduction of the residual liquid surface tension which improves the
flow of SSM billets. Combined treatment has the added bonus of smaller particle
size, more globularity, and lesser surface tension.
a Microstructural study of deformed zones showed iess segregation of liquid adjacent
to the mold walls for the combined and over refined SSM billets. This is attributed
to the smaller particles size and easier flow within the billets.
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Comparison of grain refiner
• By thermal analysis and optical microscopy, it was proved that boron based refiner
could be an ideal substitute for the common AlTiB refiner group. Boron results in
higher a-Al nucleation temperature and almost no recalescence observed in the
onset of solidification. Higher nucleation temperature leads to wider a-Al
solidification range due to the unchanged main eutectic reaction temperature. A
wider solidification range gives more freedom during SSM processing but it should
be noted that wider solidification range may induce greater risk for hot tearing and
more porosity formation in the structure.
o In the SSM casting, quantitative metallography has shown that boron refiner leads
to the formation of the smallest primary a-Al globules with the highest density
number. Better sphericity and globularity of boron added billets lead to enhanced
deformability in comparison to those of the untreated and Ti-B-refined billets. On
the other hand, untreated slurry has the lowest slope in the strain-time graphs and
boron addition results in the highest rate of strain which means the easier flow. This
matter plus much less liquid segregation in the deformed billet has great importance
in the die filling.
Effects of dissolved Ti on the structural evolution
a The effect of small addition of Ti to refine the commercial 356 alloy grain size is
further highlighted for both conventional and semi-solid castings. Primary a-Al
nucleation temperature increased by 2-3 °C and solidification undercooling
decreased about 1 °C due to minor addition of Ti. For the rheocasting operation, the
size of globules decreased and globularity increased by Ti in solution. This is
equivalent to improved rheological properties especially flow properties which is of
great importance during high pressure die casting of semi-solid billets.
338
Effects of pouring temperature on the structural evolution
There are two hypotheses put forward to justify the effect of pouring temperature on the
morphology of primary a-Al particles in hypoeutectic SSM Al-Si alloys;
a The highly undercooled melt near the wall explodes with a large number of nuclei,
big bang or copious nucleation, to lift up melt temperature with the released latent
heat of fusion near the wall. The floating of these nuclei towards the central regions
establishes a uniform cooling rate through out the mold. The uniform cooling rate
coupled with multi-directional cooling, promotes the formation of fine grained
equiaxed as-cast structure.
Q The very large temperature gap between the wall and central region of the mold
during the early stage of solidification encourages faster heat flow towards the mold
wall at lower pouring temperatures. The mold coating, air gap and mold thickness,
reduce the rate of heat dissipation from the mold wall to establish a shallow
temperature gradient within shorter time. Such low temperature gradient (G),
coupled with multi-directional heat flow, encourages multi-directional growth of
primary a-Al nuclei within the melt, i.e. formation of equiaxed and eventually
globular structure.
Effects of Stirring on Silicon Distribution
a Silicon morphology was changed by stirring used in the SEED process. Stirring
reduces the length of the eutectic silicon particles but no change was detected in
number density.
• The modification of Si particles achieved by stirring is of great importance as
porosity is not an issue in contrast to the modification of Si by Sr addition which is
usually accompanied by increasing the porosity content, i.e. adversely affects
mechanical properties.
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OVERALL CONCLUSIONS
A detailed, thorough, and comprehensive research was done to survey the effects of
melt treatment on the structural and rheological properties of semi-solid billets with the
main emphasize on the SEED technology. For this objective and parallel to SSM
processing, conventionally cast samples were prepared. This procedure was accompanied
by application of computer aided cooling curve analysis (CA-CCA) to reveal the critical
points during the solidification process.
Conclusions were divided into different sections according to the results obtained
during the entire trials; however it seemed necessary to wrap up the whole thesis with
general conclusions as follows:
> Solidification range
One of the prerequisites for an alloy to be employed in SSM processing is to
solidify across a temperature range, mushy zone. This is an essential requirement since the
dendritic to globular evolution is taken place in this thermal range. In the case of
hypoeutectic Al-Si alloys which are the most popular SSM alloys, the whole SSM
evolution is occurred in the temperature window of about 580-595°C. By considering multi
alloying systems such as commercial alloys and existence of wider solidification range due
to the eutectic and post eutectic reactions, it is proposed that the solidification range should
be partitioned into two main sections: ATa and ATeut which has already been explained.
Figure 10.1 is a conclusion of variation in A356 solidification ranges with different
treatments.
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Figure 10.1: Variation of ATaand ATeutwith melt treatment,
A356 alloy, master alloys: A15TÍ1B, AllOSr
As mentioned, refiner addition leads to higher nucleation temperature and
consequently ATO increases. By modification, eutectic temperature shifts down and this is
the main reason for increasing the a-Al solidification range. It is worth mentioning that by
Sr-addition, total solidification range is constant while this is not the case for refining
where an increase in the mush is observed. Combined treatment has bilateral effect. It
means that refiner side increases the liquidus temperature while modifier side decreases the
eutectic temperature and finally the results are combination of both treatments.
> Correlation between thermal analysis, image analysis, and rheological data
Chapters 5, 6, and 7 represent complete results of melt treatment. These chapters are
summarized with individual conclusions as given early in this chapter while the overall
conclusion is tabulated in Table 7.1 and presented in Figure 10.2. As proved before and
shown in Figure 10.2, modification process results in slight increase in the average circular
diameter. This is initiated from the fact that fundamentally, Sr by itself does not have any
effect on the a-Al nucleation temperature and besides by increasing the a-Al mush, it has
better chance for primary particles to grow.
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Table 10.1: Selected image and thermal analyses results, A356 alloy, master alloys:
A15TÍ1B, AllQSr
Untreated
Grain refined
Over refined
Modified
Combined
Circular Dia.
(|«n)
81.3+2.3
78.2±2.5
77.1 ±2.1
80.3±3.5
79.1 ±2.6
Number
density
(count/mm2)
81.6±6.81
86.9±5.78
94.5+6.7
81.54±7.71
87.76±6.5
Primary o-Al
(%)
69.8±1.43
73.15±1.39
73.51±1.97
70.9+1.44
72.34+1.27
Sphericity
greater than
0.8 (%)
55.4
57
59.2
58.74
60.14
TnucA,(°C)
614.8+0.26
619.39±0.26
620.15±0.18
614.26±0.5
619.21+0.28
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Figure 10.2: Correlation between globule size and a-Al nucleation temperature.
A356 alloys, master alloys: A15TÍ1B and AllOSr
In the case of refiner and combined treatments, the average circular diameter
decreases and there is a strong relationship between the results of image analysis and that of
the cooling curve analysis, i.e. thermal analysis. It was proved that by refiner addition, a-Al
nucleation temperature shifts up and there are more potent nucleants within the system
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which leads to lower particle size. It is interesting to note that the effectiveness of refining
process depends on the refiner type and the best results were obtained with sole boron
addition.
Parallel to image and thermal analyses results, the Theological tests have shown the
same trend and in general untreated billet has the lowest deformability while the refined
and combined treated billets have the highest engineering strains. This phenomenon is in
line with other results and initiate from lower particle size with enhanced globularity of
refined/combined slurries.
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SUGGESTIONS FOR FURTHER WORK
A comprehensive study was done on the effects of melt treatment in SSM
processing of 356 alloys. For further clarification and better understanding on the related
matters, the following points could be suggested:
• High pressure diecasting of the treated slurries. This investigation has two main
advantages. By producing cast pieces, it is possible to compare the mechanical
properties as another important factor to support the commercialization of the
process. Furthermore by pressure forming, the globule deformation pattern and
specific phenomena such as liquid segregation could be studied in more details.
• Extensive work on the observation and characterization of the nucleants in the
refined samples to comprehend the exact chemical compositions and
crystallographic orientations which could be done by transmission electron
microscopy, TEM
• Determining the Theological behaviour of the alloy by other methods such as
back extrusion
• Efforts on refining and modifying of the other suitable semi-solid Al-Si
alloying systems such as 319 and 357
• Investigation on the heat treatability of cast pieces regarding the melt treatment
procedure and comparison of their mechanical properties with those of untreated
alloy.
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Appendix A: Lattice disregistry between solid AI and inoculant particle
As it was mentioned in chapter 2.2.1, one of the principals for a particle to be a
refiner is its atomic match with the matrix and lattice disregistry is a controller for the
effectiveness of a substrate for heterogeneous nucleation. Aluminum is fee metal having a
unit cell with a=4.0494A° at 25°C. So, all the grain refiners should match with this lattice
parameter. Table Al shows some physical characteristics for the most common grain
refiners and their lattice disregistry. Lattice disregistry was defined as:
d -dE (10.1)
Where dp and dm are the interatomic spacings of the particles and matrix respectively.
Porter and Easterling [22] divided the interfacial boundary conditions into three classes:
coherent, semi-coherent, and incoherent. A coherent interface arises when the two crystals
match perfectly at the interface plane so that the two lattices are continuous across the
interface (Figure Al). With sufficient atomic misfit or interfacial area, it becomes more
favorable to replace the interface with a semi-coherent interface with a specified lattice
disregistry (Figure A2). The last case occurs when the interfacial plane has a very different
configuration in the interface. This condition happens when the patterns are totally different
or interatomic distances differ more than 25% (Figure A3).
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Figure AI: A coherent interface with slight mismatch leads to coherency in the adjoining
lattices [22]
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Figure A2: A semi coherent interface. The misfit parallel to the interface is
accommodated by a series of edge dislocations [22]
Figure A3: An incoherent interface [22]
Table A l : Some physical properties of grain refiner particles [200]
Particle
Al
TiB2
TiAl3
A1B2
AIB12
SrB6
Lattice
parameter (A°)
a = 4.049
a = 3.030
c = 3.229
a = 3.846
c = 8.594
a - 3.005
c = 3.25
a= 10.17
c = 14.28
a = 4.193
Density
(g/cm3)
2.697
4.495
3.35
3.1
2.55
3.43
Bravais
system
fee
hep
tetragonal
hep
tetragonal
cubic
Disregistry at
25°C (%)
0
5.8
5.02
4.96
151
3.546
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